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SUMMARY 

Piezoelectric actuators (PZT) are widely used for Structural Health Monitoring Systems (SHM) 

and are mostly surface mounted or embedded into a structure with a polymer adhesive layer. The 

long-term durability and integrity of piezoelectric-based active sensing networks surface- 

mounted on metallic structures is studied. Main focus is given to the characterization and 

improvement of the durability, performance and integrity of structures with integrated 

piezoelectric materials. Both mechanic-based and material-based approaches were conducted. 

The mechanic-based approach is based on numerical simulations with a Spectral Element based 

code (SEM). The SEM method in time domain is first introduced to the field of Structural Health 

Monitoring where fundamental understanding of Lamb wave propagation and the interaction 

between diagnostic waves and damage, as well as between built-in, piezoelectric-based sensors 

and the host structures, are critical. A spectral element-based code equipped with a coupled 

electro-mechanical field solver and interface program to link with commercial pre/post- 

processing software has been developed to simulate ultrasonic Lamb wave propagation in 3-D 

structures with built-in piezoelectric sensors. The code is verified by comparison with 

experimental results. Performance of the code is examined in terms of solution convergence as 

compared with finite element method. Furthermore, the potential of this code to be integrated 

with the diagnostic methods for damage detection is examined. 

The material based approach is based on experimental studies performed on a: (a) conventional 

PZT/structure interface which is a critical element for the performance and reliability of the 

SHM system; and (b) Carbon nanotube coated PZT (C-PZT) interface which was proposed and 

developed in this research. 

An experimental and numerical study was performed to investigate the effects of interface 

debonding on the performance of piezoelectric (PZT) ceramic actuators for structural health 

monitoring (SHM) systems. Interface degradation of PZT actuators may occur over time during 

the in-service life of the structure compromising the performance and reliability of the SHM 

system. Energy losses and signal changes should be understood to guarantee the reliability of the 

SHM systems during the life-time of the structure. Here we present the first systematic study on 

the performance of PZT actuators with a partially degraded interface. The electro-mechanical 



coupling between PZT actuators and a hosting aluminium plate was found to vary with the 

interface debonding over a wide frequency range affecting the amplitude and phase of the 

actuator's signal. A signal delay and an amplitude decrease were observed for increasing 

debonding area, and for different debond shape and location underneath the PZT actuators. 

These changes were found to be dependent on the actuation frequency with respect to the PZT 

resonance frequency. The spectral element-based code, developed in the mechanic-based 

approach, was used to verify the experimental results by simulating the propagation of ultrasonic 

Lamb waves in an aluminum plate with built-in piezoelectric sensors/actuators. 

Conventional PZT ceramics are sandwiched between two silver paste electrodes which have 

been shown to produce a weak interface bond between the PZT ceramic and the adhesive 

paste. The design of a carbon nanotube coated piezoelectric actuator (C-PZT) is presented. The 

C-PZT actuator has its electrode silver paste coating replaced with a carpet of pre-aligned carbon 

nanotubes (PACNTs). The resulting interface between the C-PZT actuator and a metal substrate 

is reinforced by a high-density array of oriented CNTs nanoelectrodcs (CNTs-NEA). This report 

presents a unique design method and a potential fabrication process for the integration of 

uniformly dispersed and oriented CNTs-NEA into the adhesive bondline. The proposed design 

consists of inserting a Prc-Aligned CNTs (PACNTs) carpet into the adhesive polymer, 

constraining the carpet to the PZT surface (C-PZT) prior to embedding it into the polymer and 

making use of the capillarity effect of the CNTs carpet to fully absorb the adhesive 

polymer. Low- and high-temperature processes were developed to fabricate the C-PZT. The 

high-temperature process consists of growing CNTs directly onto a polycrystalline PZT, while 

the low-temperature one consists of transferring aligned CNTs from an alternative substrate onto 

the surface of a polarized PZT. The microscopic characterization shows that CNTs are fully 

dispersed and oriented into the adhesive polymer. An investigation was conducted to assess the 

bondline integrity of a C-PZT actuator mounted on a hosting structure. Mechanical tests were 

performed to characterize the shear strength of the bondline between C-PZT actuators and the 

substrate. The test results were compared with shear strengths of the bondlines made of pure 

non-conductive adhesive and adhesive with randomly mixed CNTs. The comparison showed 

the PACNTs coating on PZTs could significantly enhance the interfacial shear 

strength. Through the microscopic examination, it was evident that the ratio between the CNTs 

length (Lc) and the bond thickness (H) significantly influenced the bond strength of C-PZT 



actuators. Three major interface microstructure types and their corresponding failure modes for 

specific Lc/H values were identified. The study also showed that failure did not occur along the 

interface between the PZT ceramic element and the CNTs coating. 
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Nomenclature 

D, = electric displacement vector components 

E( = electric field vector components 

Sjj - strain tensor components 

Ffxt = external force vector components 

/•}"" = internal force vector components 

hq = ID Lagrange interpolations 

Kjj = dielectric stiffness tensor components 

Kjj = piezoelectric stiffness tensor components 

Mjj = X component of the resultant pressure force acting on the vehicle 

Q = electric charge 

p = density 

<x(/ = stress tensor components 

/, = time index during navigation 

M, = displacement vector components 

li^f = acceleration vector components 

V = electric potential 



I. MECHANICS BASED APPROACH 

Even though the Structural Health Monitoring (SHM) system that deduces in-situ "health" 

through active sensors and real-time data processing has met great success in integrating and 

automating to perform real-time inspection and damage detection ' ' major challenging issues 

considered by industry as bottlenecks that prevent the SHM technology from being adequately 

and effectively implemented in the market remain. Of all the issues, the most critical one is the 

development of an efficient and accurate analytical tool. Especially, in the case of the elegant 

system with a built-in, piezoelectric-based sensor network, major concerns about the use of the 

tool are accurate analysis of the integrated system, as well as the creation of a design 

architecture, which is necessary for constructing an optimized system in structures that does not 

rely upon the current primitive trial-and-error approach. However, because a key mechanism in 

detecting damage in plate-like structures is based on the complicated physics of Lamb wave 

propagation and its scatter at damage3, analytic solutions are no longer practically feasible. 

Numerical approaches have attracted substantial attention as a semi-analytical method of 

overcoming this complexity and are at the base of the presented study. 

1.1. The Spectral Element Method in Time Domain to Analyze Lamb Wave 

Propagation in Structures with Piezoelectric Sensor Networks 

In the field of SHM, numerical methods such as the finite element method (FEM), the finite 

difference method (FDM) and the boundary element method (BEM) have been employed in the 

study of how such stress waves behave in structures and interact with defects4,5,6'7'8. 

A common feature of these numerical methods is abbreviated to time and spatial 

discretizations. The approximations induce inherent errors in the numerical solution. In the case 

of ultrasonic wave propagation, the major numerical challenge is to minimize numerical 

dispersion error9. If the error of phase and group velocities resulting from the numerical 

dispersion is accumulated through time and space, the numerical simulation yields useless 

solutions completely different from the real situation. Therefore, the success of numerical 

analysis strongly depends on minimization of the error, which requires sufficient discrete spatial 



resolution per minimum wavelength. FEM, which is one of the most efficient simulation 

techniques for obtaining a solution to wave propagation problem in structures, has served as a 

primary computational tool for understanding stress wave propagation and its scatter at in- 

homogeneities. Use of the FEM has been encouraged by competitive advantages for modeling of 

geometrical complexity, material anisotropy and a traction-free boundary condition as compared 

with FDM and BEM. However, from a practical viewpoint, the diagnostic Lamb waves 

employed to detect damage in plate-like structures have less than several millimeters as a 

minimum wavelength. In the case of even non-guided waves, explicit FEM recommends more 

than twenty elements per minimum wavelength to obtain a solution with a less than 1.0% 

dispersive error9. Thus, finite element analysis for guided wave propagation requires spatial 

discretizations of less than a few tenths of a millimeter to compute an accurate solution. It 

follows that FEM for three-dimensional practical problems require impractical computational 

resources, such as computing time and memory. This is the main reason practical use of FEM in 

the field of Lamb wave-based SHM has been restricted. 

The Spectral element method (SEM) in the time domain is an alternative to the existing 

numerical methods in the field of Lamb wave-based SHM. The SEM first developed in the mid 

1980's10 is a weighted residual method like FEM. Main features of the SEM are a subdivided 

whole domain, called elements and high-order interpolation with particular quadrature rules. 

SEM by use of Lengendre formulation shows an important numerical feature to diagonalize 

inertia terms, which results in far fewer arithmetic operations. Furthermore, the SEM has an 

exponential rate of solution convergence and conserves the advantages of FEM mentioned 

above, which significantly enhances the capability to simulate wave propagation . 

Consequently, numerical analysis by use of the SEM leads to drastic reduction of the required 

computational resources. The fields of acoustics and seismology have enjoyed the advantages of 

the SEM1 l31415. However, despite its excellent features, a number of researchers with an 

interest in numerical simulation of Lamb wave-based SHM have essentially ignored the SEM. In 

the case of time domain analysis, well-developed commercial FEM codes have been preferred 

due to their accessibility. In our estimation, such trends retard the application of the SEM to the 

field of SHM. On the other hand, in the frequency domain SEM has been introduced to damage 

detection technology . The SEM in the frequency domain spectrally formulates finite elements 

by use of the Fourier synthesis of many infinitely long wave trains of different frequencies17. 



However, in the context of computational efficiency, time domain analysis for wave propagation 

is intrinsically a better choice. Thus, in this report, the SEM refers to spectral element method in 

time domain. 

Most endeavors to numerically simulate Lamb wave propagation have focused on host 

structure itself: ultrasonic wave propagation in the structure and interactions with damage. But, 

the success of such a SHM system relies heavily on a built-in sensor network design and 

integration of sensors with the structure. In addition, the selection of diagnostic waves and a 

method of signal interpretation needs to be optimized in a way that the highest damage detection 

capability can be achieved with the minimal number of sensors to increase the practicality and 

reduce the cost of these systems. Therefore, it is essential to establish a fundamental 

understanding of the wave interactions not only between diagnostic waves and damage, but also 

between sensors and host structures. Achieving this level of understanding requires a numerical 

modeling for piezoelectric sensors along with host structures. 

The purpose of the present work is to introduce the SEM in time domain to the field of Lamb 

wave-based SHM. Sec. II discusses a spectral element formulation in time domain, based on the 

coupled electro-mechanical equations for piezoelectric material. As a solution procedure for the 

coupled equation, the simultaneous employment of an explicit time integration scheme for the 

semi-discrete dynamic equations and Gauss elimination method for the static electric field is 

presented. Furthermore, as a pre/post-processor to grant access to the geometrical complexity of 

host structures, an interface program which links to well-known commercial CAD/CAE code 

was developed. The interface programs automatically transfer the generated finite element data 

into spectral element data, and vice versa. In Sec. Ill, a comparison of the numerical solutions 

with experimental results verifies the accuracy of the SEM-based code. In Sec. IV, to illustrate 

the efficiency and accuracy of the SEM-based code, the problem under consideration is stated 

and then a comparison between the SEM and the FEM is conducted. Sec. V examines the 

potential ability of this code to detect damage using a sample model. Sec. VI summarizes our 

conclusions. 



1.2. Spectral Element Formulation 

In the same way as the FEM, the SEM is an approximation method called the weight residual 

method   . In a fixed rectangular Cartesian coordinate system, let er«, uj, ty. D,, p be the stress, 

displacement, acceleration, electric displacement and density, respectively. Then, on the basis of 

the physical equation of equilibrium, the strong form of the boundary value problem known to 

govern the behavior of a host structure with piezoelectric sensors is stated as follows19: 

equilibrium equations: 

(la) <T(fJ =Pfy in nw 

o,,=o in Qp 

boundary conditions: 

«/=«/• on S**' 

aij"i = 'i on sf+p 

v = V on Sy 

Djn, = Q on SQ 

(lb) 

where superscripts "S" and "P" mean domain of the host structure and piezoelectric sensors, 

respectively. Furthermore, subscript "u", "t", "V" and "Q" indicate surfaces prescribed by 

displacement, traction, electric potential and electric charge, respectively. Summation is implied 

on the repeated indices unless stated otherwise, and a comma indicates partial differentiation 

with respect to the coordinate direction. Hereafter, under the assumption of three-dimensional 

problem, the lower case Roman indices i, j and k are used to indicate the 1, 2 and 3 directions. 

Based on the principle of virtual work, the spectral element formulation evolves from 

transformation of the strong form (la, b) into the weak form called weight residual 

formulation1 : 

Jn,,, ((TijSeij + pSfäUi )ilCl - jn,. DiSEidQ. = y.r /"i&frfS + \s, QSVdS (2) 

To transfer this weak form into the spectral clement equation, the same procedures which 

formulate a typical finite element equation are followed: the whole domain is sub-divided into 

many small sub-domains called elements, and then low-order interpolation functions and Gauss 

quadrature   rules   are   applied   to   the   element.   Contrary   to   the   classical   finite  element 



approximation, the SEM approximates the field variables in elements using a high order one- 

dimensional Lagrange polynomial and its tensor product. For example, the displacement vector 

can be written as follow*15: 

p=0q=0r=O 

where £, tj and q indicate a local coordinate system, and hp{q~) is an N-th order ID Lagrange 

interpolation function at (N+l) Gauss-Lobatto-Legendre (GLL) points15, which show uneven 

distribution of nodal spaces (see Fig. 1). Use of the Gauss-Lobatto-Legendre quadrature leads the 

integral Eq. (2) to the coupled spectral element equations, which means mechanical force and 

electrical charge equilibrium at each node: 

(4a) 

kijdj - Ktfj = Pt     in Qp (4b) 

where MtJ is lumped mass matrix , Pf is acceleration vector, Ffxt and F-nX are external and 

internal force vectors, respectively.    In the static equilibrium Eq. (4b), dj and <pj are nodal 

displacement and electric potential vectors. Furthermore, Pt is electric charge vector, and Ku 

and Kjj are the piezoelectric stiffness matrix and the dielectric stiffness matrix, respectively. 

Due to Legendre formulation, the mass matrix in Eq. (4a) leads to a naturally diagonal matrix. 

Furthermore, in the context of features for wave propagation, the explicit time integration 

scheme, such as the central difference method, is the best choice for calculating the ordinary 

differential Eq. (4a) in the time domain. As a strategy for solving the coupled Eq. (4a,b) 

simultaneously, in each time step, the mechanical fields such as acceleration, velocity, 

displacement and stress are estimated on the basis of electric potential and mechanical fields 

obtained from the previous time step. And then using the estimated displacements and the Gauss 

elimination algorithm, the static equation for the electric field (4b) provides the new electric 

potentials at the current time step. At the next time step, the obtained displacements and electric 

potentials are used again as the field variables of the previous time step. All these procedures are 

iterating to the end-time step. 



1.3 Code Verification 

1.3.1 Statement of the Problem 

A square aluminum alloy plate (thickness = 1.02 mm, width and height = 508 mm), as shown in 

Fig. 2(a), is used to perform the SEM-based code verification using comparison to experimental 

results. Four identical piezoelectric transducers are mounted on one side of the plate as shown in 

Fig. 2(a). Table 1 shows location of the piezoelectric transducers on the plate. 

The electro-mechanical properties of the piezoelectric materials (APC850) are available from 

American Piezoceramics, Inc. . The piezoceramic element used is a disk with 0.25 mm thickness 

and 6.35 mm diameter. The experiment is made using pitch-catch setup, in which one of the 

transducers acts as an actuator to generate Lamb waves and the other transducers receive the 

propagating Lamb waves. The peak voltage of the excitation is kept at 50 volts. In the 

experiment, PZT 2 as an actuator excites a five peak tone-burst wave with a center frequency of 

100 kHz as shown in Fig. 2(b). 

According to Lamb wave dispersion equation3, at this frequency-thickness value, there are 

only fundamental symmetric and anti-symmetric mode due to excitation below the cut-off 

frequency of the first anti-symmetric mode. The more dispersive anti-symmetric wave mode has 

a wavelength of 9.5 mm, and the symmetric wave mode has a wavelength of 53.0 mm. 

In numerical analysis, spatial resolution on numbers of node per minimum wavelength is a 

key factor to obtaining accurate solutions. The mesh configuration is shown in Fig. 2(c). In this 

case, the 3D spectral element has 5 mm x 5 mm x 1 mm as maximum size and 51 order 

Lagrangian interpolation in the element. The total number of nodes and elements are 1,656,360 

and 11,040, respectively. This configuration gives about ten nodes per wavelength along the 

propagation direction. The reason such resolution is employed is discussed in Sec. IV, below. In 

order to sub-divide the whole domain into elements as shown in Fig. 2(c), the FEM-based 

commercial code ABAQUS/CAE is used as a pre-processor to discretize complex geometry of 

structures. The finite elements formed out of the pre-processor are turned into the spectral 

element using the author's interface program. As a boundary condition, the plate is assumed 

under traction-free condition. Furthermore, the excitation in the form of electric voltage is 

American Piezo Ceramics, Inc (http://www.umericanpiezo.com) 
5 ABAQUS, Inc (http://www.hks.com) 



applied to nodal points on the top surface of actuator PZT 2 in steps with respect to time, as 

shown in Fig. 2(b). All calculations are performed using a personal computer: Pentium IV 2.66 

GHz CPU, 512 MB RAM and Compaq Visual Fortran 6.5J. 

1.3.2    Results and Discussions 

The SEM-based code quite accurately simulates the response of sensor measurements in a 

pitch-catch mode as shown in Fig. 3, where the measured sensor signals were compared with the 

simulated results in response to a five peak wave excitation generated at PZT 2. As previously 

stated, only two fundamental modes are observed in this figure. Furthermore, the anti-symmetric 

mode with relatively slower velocity and larger signal strength shows more dispersive features as 

compared to the symmetric mode. The good agreement between experimental results and 

static solving scheme is capable of simultaneously solving the coupled electro-mechanical fields 

for Lamb wave simulation. The efficiency and accuracy of this method is discussed in the next 

section. In this code, the sensor output as volts is the mean of the nodal voltages obtained from 

solving the coupled Eq. 4(a, b) on all nodes on the PZT sensor surface. 

1.4 Code Performance 

1.4.1 Statement of the Problem 

In order to study the efficiency and accuracy of the spectral element analysis for ultrasonic 

Lamb wave propagation, the solution convergence rate through the increase of the spatial 

resolution is examined by comparing with the finite element analysis performed by the author's 

explicit FEM code. Both of the author's codes employ the same algorithm to solve the coupled 

electro-mechanical field. The only difference between the two codes is the fact that the SEM 

uses various high order interpolations and GLL quadrature, whereas the FEM is based on linear 

interpolation and usual Gauss quadrature, as discussed in Sec. II. Thus, decreasing finite element 

size is the only way to improve the spatial resolution, whereas, in addition to decreasing spectral 

element size, the use of higher order interpolation enhances the resolution. Furthermore, there are 

two integration schemes in FEM.   In the context of computational cost, a reduced integration 

numerical solutions verify that the SEM-based code with coupled explicit time marching and 

Hewlett-Packard Development Company (http://hl8009.wwwl.hp.com/fortran/visual/) 



scheme for explicit FEM is a better choice than full integration. In contrast, the full integration 

scheme is better than the reduced integration in terms of solution accuracy . In this study, both 

reduced and full integration schemes are employed to investigate the two aspects of efficiency 

and accuracy. 

As a test model, let's assume there is thin aluminum plate with two surface mounted 

piezoelectric transducers as illustrated in Fig. 4(a). The thin plate has a sufficiently large 

dimension in the X2 direction compared with the dimensions in the X| and X3 direction (508 x 

infinity x 1.02 mm). The piezoelectric transducers with X3 poling direction are running parallel 

to the X2 direction (6.35 x infinity x 0.25 mm). Therefore, this example can be considered to be 

in the state of plane strain deformation under uniform voltage input on the transducer upper 

surface,   wherein  the  displacement  in  the  Xj  axis  disappears  identically  to  zero.  This 

simplification makes it easy to examine the effect of spatial resolution in numerical methods 

without loss of generality. Typical mesh configurations of FEM and SEM for the plane strain 

problem are shown in Fig. 4(b) and 4(c). For the sake of visualization, the figures are enlarged 

nearby one piezoelectric transducer. Furthermore, the SEM-based and FEM-based codes have 

only a three-dimensional element. To embody the plane strain state using the 3D element, a very 

thin element dimension along the X2 direction is assumed and all X2 direction degrees of 

freedom are constrained. Using one of two piezoelectric transducers as an actuator, a five peak 

tone-burst wave with a center frequency of 100 kHz, was excited. 

1.4.2 Results and Discussions 

The profile of sensor signals is shown in Fig. 5(a), in which a smaller strength symmetric 

mode is followed by a higher strength anti-symmetric mode. The SEM-based solution is in 

quantitative accord with FEM based results. However, in the context of numerical dispersion 

error, while the solutions match almost perfectly for the fundamental symmetric mode, a small 

discrepancy of phase/group wave  velocities  is observed  in the slower  fundamental  anti- 

numerical methods, the discrepancy versus the spatial resolution is examined from quantitative 

viewpoints as shown in Fig. 6. In this figure, the SEM exhibits on exponential convergence rate 

as compared with the FEM.   In terms of the solution convergence, the SEM has an excellent 



advantage over the FEM in simulation of the ultrasonic Lamb wave propagation. Furthermore, as 

shown in this figure, reduced-integration based FEM underestimates the group velocity, and full 

integration-based FEM overestimates it. Both FEM solutions asymptotically converge to a 

solution as the resolution increases. The solution as the element size goes to zero (/?->0) is 

easily calculated by Richardson extrapolation   . According to the mathematical approach for 

FEM21, the numerical dispersion error in linear FEM is decreases with h2 . Under the assumption 

of asymptotic error expansion, the improved solution of the arrival time obtained from finite 

element analysis is calculated as follows: 

Yi0)=*n»<2)-Yw+CKhP) p>2 (5) 

For full integration: 

Y(h)=l 15.88, Y(h/2)=116.30 => Y(0) = 116.44 

For reduced integration: 

Y(h)=l 16.65, Y(h/2)=117.280 => Y(0) = 116.44 

The solution accuracy of SEM and FEM is estimated on the basis of the value shown in Table 2. 

To obtain a solution with less than 0.5% dispersive error, the FEM requires more than forty 

nodes per minimum wavelength. Table 3 shows the comparison of computational resources. The 

SEM reduces the computational memory by more than a factor of twenty in terms of total nodal 

numbers, compared with the FEM. Furthermore, the FEM costs more than ten times the 

computational time, compared with the SEM. 

1.5 Code Feasibility to Damage Detection 

1.5.1 Statement of the Problem 

To monitor the scattered Lamb wave induced by the crack, a damage detection procedure 

using a typical pitch-catch and pulse-echo method is performed with the aid of the SEM-based 

code. Consider the same aluminum plate, as previously mentioned in Sec. III. In addition, the 

plate has a through-thickness circular hole (center at Xj= 237 mm and X2=279 mm; 10 mm 

diameter) and a through-thickness crack (4, 8 or 12 mm) originating from the hole edge as seen 

in Fig. 7(a). The Lamb wave sensitivity to cracks strongly depends on the excitation frequency. 

A five cycle tone-burst waveform with a driving center frequency of 450 kHz is used for the 



actuation signal as shown in Fig. 7(b). In this frequency range, the symmetric Lamb wave mode, 

which is more sensitive to the presence of through-thickness cracks in isotropic structures than 

the anti-symmetric wave mode3, has a much higher amplitude as compared with the anti- 

symmetric mode. Furthermore, the wavelength of the symmetric mode is about 12 mm, which is 

sensitive enough to detect 4 mm cracks. A typical mesh configuration is shown in Fig. 7(c). The 

maximum 3D element size is 5 mm x 5 mm x 1 mm. In addition, the Lagrangc intcrpolant in 

each element is 5th order. According to the discussion in Sec. 4, in terms of the symmetric wave 

mode, this nodal resolution reduces the dispersion error to under 0.05%. Total number of nodes 

and elements are 1,671,720 and 11,141, respectively. 

1.5.2 Results and Discussions 

The SEM-based code is able to embody the pulse-echo concept in addition to the typical 
■ 

pitch-catch method. In terms of the pulse-echo algorithm, the programmed electric voltage first 

excites a PZT actuator, and then the function as an actuator is artificially stopped at a fixed time 

step. Secondly, the element as a sensor starts sensing a reflected wave from damage and 

boundaries. Fig. 8(a) shows the sensor signals based on the pitch-catch method when PZT2 and 

PZT4 are used as an actuator and sensor, respectively. The first arrival symmetric wave mode 

shows higher signal strength as compared with the anti-symmetric wave mode. In terms of the 

symmetric wave mode, this driving frequency greatly enhances the signal-to-noise ratio 

compared to the case of 100 kHz center frequency, as shown in Fig. 3. Fig. 8(b) is the sensor 

signal when PZT2 and PZT4 are used as an actuator/sensor, respectively, based on the pulse- 

echo method. The time-of-flight of the first/second arrival waves confirms that it is a symmetric 

wave mode originating from the hole/crack and plate edge, respectively. 

In order to clearly identify only the scatter waves induced by the crack, both wave propagation 

simulations for the plate (shown in Fig. 7) with and without the crack are performed and the 

results are numerically subtracted. Fig. 9(a) describes the forward scattered signals obtained 

from path PZT2-PZT3. The scattered signal strength induced at a relatively longer crack is 

higher. Furthermore, there is no phase shift in the first arrival scattered signals because the crack 

is located at a short distance from the direct wave path. Fig. 9(b) shows the simulation result of 

the scattered wave due to a crack when PZT2 is used as a pulse-echo element. The scattered 

waves, which arrive faster as increases the crack length, confirm that it originates from a crack. 



The wave developments at different time frames in the model with an 8 mm crack are shown 

in Fig. 10. To draw the wave developments, the interface program is used, which transfers the 

SEM-based output solution into the input data for the commercial software Tecplot5. It's shown 

that the symmetric and anti-symmetric waves are generated at PZT2 actuator and propagated 

outward. These figures show the symmetric waves partially reflected and transmitted to the 

backward and forward directions, respectively, after the first arrival at the hole/crack. 

Furthermore, the faster symmetric waves totally reflected at the plate boundary are mixed with 

the slower anti-symmetric waves. The wave mixtures induce the complicated wave development 

as time progresses. Fig. 11 shows only the propagating scattered waves from the crack tip at 20 

usec and the scattered wave propagating to neighboring sensors at a later time. In order to easily 

observe the scattering at the crack, Fig. 11 (a) is enlarged nearby the hole. These figures clearly 

show that the scattered signal is induced at the crack as mentioned earlier. This offers the 

potential ability of this SEM-based code to detect damage. Furthermore, The SEM-based code 

will be used to optimize key parameters such as sensor shape, size, locations and input diagnostic 

waveform to achieve the maximum damage detection capability with a minimal number of 

sensors. 

1.6 Interface Adhesive Layer Effect 

In section 1.3, the SEM code was verified without modeling an interface adhesive layer at 100 

kHz excitation frequency which is much lower than the resonance frequency of piezoelectric 

transducers used in the experiment. In the case of an excitation frequency close to the resonance 

of the piezoelectric transducer, the effects of the adhesive layer are much more prominent. As a 

result, the simulation doesn't match well with an experimental result. Fig. 12 shows the SEM 

simulation and an experimental result at 400 kHz excitation with the same configuration as Fig. 3 

(a). The experimental sensor signal has larger amplitude and more peaks compared with the 

SEM simulation. It is assumed that low stiffness of the adhesive layer (about 5% of aluminum) 

cannot constrain the resonance behavior of piezoelectric transducer, thus causing these 

phenomena. 

Tecplot, Inc (http://www.tecplot.com) 



To verify this assumption, 2-D plane strain model as shown in Fig. 13 is used because 3-D 

model requires a lot of computation and memory due to an extremely small mesh size for the 

thin adhesive layer. The 2-D model has same propagation distance as the 3-D model. A model 

without adhesive is compared with those with a 50pm and 100pm adhesive layer. As the 

thickness of adhesive layer increases, larger amplitude and more peaks occur in both 

symmetric(SO) and anti-symmetric(AO) mode similar to the 3-D results shown in Fig. 12. 

To achieve accurate SEM simulation without modeling adhesive layer for 300 KHz and 400 

KHz excitation, a piezoelectric transducer with a smaller diameter which has higher resonance 

frequency should be used. Also, more study on adhesive layer modeling is required to simulate 

wave propagation with an excitation close to the resonance frequency of a piezoelectric 

transducer. 



II.     MATERIAL BASED APPROACH 

One of the major concerns in aeronautical structures is their maintenance to guarantee safety, 

performance and reliability during manufacturing and the in-service lire of the structure. This 

issue is usually approached with standard non-destructive inspection methods which can only 

access limited areas of the structures and have high maintenance costs. Structural Health 

Monitoring (SHM) systems are a recent alternative approach that has the potential to satisfy 

scheduled and non-scheduled inspection/maintenance tasks in a cost-effective manner. At the 

core of SHM technology is the development of self-sufficient systems utilizing built-in 

distributed sensor/actuator networks that are integrated with the host structures for the 

continuous monitoring, inspection and damage detection with minimal labor involvement. The 

aim of SHM is not only to detect structural discrepancies and determine the extent of damage, 

but also to determine effects of structural usage and provide an early indication of physical 

damage. Piezoelectric (PZT) based SHM systems are among the most widely used for active and 

passive control systems, and have PZT sensors/actuators permanently bonded to the structure 

with an interfacial adhesive layer which has the primary role of coupling the PZT ceramics to the 

structure for stress/strain transfer22,23. The PZTs network becomes part of the structure and 

therefore subjected is to the same environmental conditions as the structure (such as temperature 

variations, vibrations, strain, load, chemical attack etc.). The PZT sensors/actuators bondline 

(i.e. bonding layer at the interface with the host structure) was found to crack and debond under 

environmental stresses causing a loss of performance in the SHM system  ' . A debonding 

or a crack in the interface will reduce the control capabilities and so its effects should be 

included in the SHM algorithms. However the response of PZT sensors/actuators with a 

degraded interface is still not fully understood. 

Here are presented the first systematic study to characterize the performance of PZT actuators 

with a degreaded interface and a novel interface design based on carbon nanotube technologies. 



■ 

II.1 Influence of Interface Degradation on the Performance of PZT Actuators 

Today it is not possible to include, in the algorithms, the effects of an interface debonding or 

crack. This is because of lack of experimental studies that address the effects of debond on the 

response of PZT actuators, and because of very little analytical works that have been done to 

include in the models the PZT actuator bondline. Most analytical studies in fact use 

electromechanical impedance and wave propagation techniques and disregard the interfacial 

adhesive layer28,29,30,31,32,33. Kim and Chang34 have proposed an effective Spectral Element 

Method (SEM) based code to simulate the response of built-in PZT sensors/actuators in 

structures considering the interfacial adhesive layer. It was shown that the performance of PZT 

actuators is affected by the interface thickness. This behavior was found to be sensitive to the 

actuation frequencies relative to the natural resonance frequency of the PZTs, which is in 

agreement with experimental32 and numerical results35. Fewer investigations consider damage in 

the actuator/sensor bondline36,37. Kumar and Ikeda interpreted a PZT debonding as a reduction 

of the electro-elastic coupling stiffness38. However, in order to be able to correctly ascertain the 

performance and reliability of SHM systems during its entire life-time, it is first necessary to 

clearly understand the response of PZT sensors/actuators with a degraded interface. 

Presented here is a systematic experimental and numerical study of the effects of interface 

degradation (debonding) for PZT actuators mounted on a metal structure. Main focus is given to 

the debonding size, extension, shape and location in the interface. It was found that the electro- 

mechanical coupling between PZT actuators and the hosting structure is strongly affected by a 

partial debonding and that this effect is influenced by the actuation frequencies with respect to 

the natural resonance frequency. These results can be used as a template in SHM algorithms and 

guarantee the reliability of built-in systems during the in-service life of a structure. 

II.1.1 Problem Statement 

Interface degradation may occur over time in the bondline between piezoelectric (PZT) actuators 

and the hosting structure, compromising the performance and reliability of Structural Health 

Monitoring (SHM) systems. In Figure 14 is shown a typical bondline configuration for a PZT 

actuator bonded to a metal plate with a thin conductive adhesive layer. 



The objective of the study is to characterize the effects of local debonding/degradation of the 

interface on sensor data integrity and reliability under dynamic excitation in acoustic-ultrasound 

range. The study was performed both experimentally and numerically. 

II. 1.2 Experimental Study 

An experimental investigation was performed to characterize the influence of interface 

degradation on the performance of PZT actuators surface mounted onto a metal structure. Major 

focus was given to the effects of bondline degradation on the signal of PZT actuators. The effects 

of degradation size, shape and location underneath the PZTs were investigated. 

11.1.3. Test Setup and Procedure 

The analysis of the bondline integrity of PZT actuators was performed by mounting PZTs onto a 

metal structure. The electro-mechanical coupling between the PZTs and the structure was 

achieved with an interfacial conductive adhesive layer. In Figure 15 is shown a scheme of the 

test setup. Five PZT ceramics discs were bonded to 520.6mm side square aluminium (Al) plates 

in the pattern shown in Figure 15. The center disc was used as the sensor and the four peripheral 

discs were used as actuators and placed at a distance of 255mm from the sensor. The peripheral 

discs were set at a distance of 80mm from the edges of the plate to avoid undesired boundary 

effects in the study. The PZT sensor disc was fully bonded to the plate as shown in Figure 14, 

while the actuator discs were bonded to the plate according to specific interface designs 

discussed in section 11.1.4. The PZT sensor/actuators and the metal plate were simultaneously 

grounded and connected with a Smart Suitcase (Acellent Technologies) which had a built-in 

function generator and amplifier. A narrow band five-burst diagnostic signal was generated from 

each actuator by applying a voltage across the thickness of the PZT discs. Expansions and 

contractions were generated within the PZT actuators, transferring elastic wave energy (Lamb 

waves) into the substrate. These waves propagated into the Al plate and were transmitted to the 

PZT sensor which expanded and contracted giving rise to a voltage across its thickness. The 

voltage was detected and analyzed. The five cycle tone-burst waveforms were set with center 

frequencies ranging from lOOKHz to 500KHz. 



11.1.4 Bondline Designs 

The interface degradation was investigated as partial dcbonding of PZT actuators from a host 

substrate. For this purpose, several interface designs were chosen in order to represent different 

bonding conditions. Particular attention was given to the debonding area, shape and location 

underneath the PZT actuators. A PZT disc (9.5mm in diameter and 1.24mm thick) fully bonded 

to a supporting Al plate had a total contact area of 17.7mm (Ai) with a 50um thick adhesive 

interface. This was taken as the reference PZT bondline for the study. 

Two sets of samples were designed to investigate the effect on the PZT disc signals due to: 1) 

interface dcbonding and debonding area increase (Set I), 2) debonding shape and location (Set 

II). In Figure 16 is the schematic of Set I. These samples are representative of PZT actuators 

with a partially degraded interface and were designed to investigate the coupling effect due to an 

increase in interface degradation (debonding area increase). For this purpose, an asymmetric side 

dcbonding, starting from an edge of the PZT interface and propagating toward the center was 

chosen as the case study (Figure 16). Debonding areas were set to: 10% (contact area A2 

15.39mm2), 30% (contact area A3 11.97mm2), and 50% (contact area A4 8.55mm2), with respect 

to the A| contact area in a fully bonded PZT. The effect of debonding shape was studied by 

means of samples in Set II, where a constant 20% debonding area (contact area A513.58mm2) 

was varied in shape and the fully bonded PZT was used as a reference actuator. The debonding 

shapes are shown in Figure 17 and are defined as: 1) Type S2: centered debonding, 2) Type S3: 

two side debonding and, 3) Type S4: edge debonding. The center debonding was located in the 

center of the PZT actuator, the two side debonding started at two opposite sides of the bond 

interface and propagated toward the center, and finally the edge debonding involved the entire 

perimeter of the PZT bondline. The interface thickness in Set I and Set II was kept constant at 

50um. 

II. 1.5 Bond lines Fabrication 

PZT discs were bonded to the Al plates with CW2400 two-part conductive epoxy adhesive (ITW 

Chemtronics) in order to maintain electrical contact with the metal structure. Isopropyl alcohol 

was used to clean the bonding areas after slightly polishing the Al surface to remove the 

superficial oxide layer on the plate. The major issue in the fabrication process was the control of 

the contact areas. A Teflon mask was used for this purpose and was cut in the shape of the 



desired debonding area. The mask was applied onto the PZT surface before spreading on the 

conductive adhesive. The PZT was then placed onto the Al plate and was bonded by applying a 

uniform pressure. The adhesive was left to cure for several days under room temperature 

conditions. 

11.1.6. Numerical Study 

A spectral element method (SEM)34 was used to analyze the interface degradation of 

piezoelectric sensor/actuators operating in acoustic-ultrasonic frequencies. The main feature of 

the SEM code is that it adopts high-order interpolation functions with particular quadrature rules 

enhancing the solution convergence rate and reducing the required computational time and 
34 memory space  . 

The effects of interface debonding were studied with a model based on a simplified 2-D strain 

condition as shown in Figure 18a. The model was based on a thin Al plate with surface mounted 

piezoelectric discs. The 1mm thick aluminum plate has sufficiently large dimensions in the x2 

direction compared with the dimensions in the .V| and x3 directions. The piezoelectric sensors 

with the .v3 poling direction are running parallel to the x2 direction. Therefore, this study can be 

assumed to be in the state of plane strain deformation under PZT actuation, wherein the 

displacement in the x2 axis disappears. To embody the plane strain state using the 3D element, 

very thin element dimensions along thex2 direction were assumed and all x2 direction degree of 

freedom were constrained. The PZT ceramics were assumed to be 6mm wide (x/ direction) and 

0.25mm thick (jr? direction). Five node numbers through thickness are set and then the numbers 

increase along the wave propagation direction. The bondline thickness was set to 100 um. In all 

cases, sensors, actuators, inputs, and structural conditions were identical in all the simulations, 

except that an asymmetric debonding (Figure 18b) was located in the actuators bondline with 

0%, 10%, 25%, 33% and 50% debonding areas. A five cycle tone-burst waveform with a center 

frequency ranging from 100 kHz to 500KHz was used to actuate the PZT and generate a 

fundamental symmetric and anti-symmetric Lamb wave in the aluminum plate that was detected 

by the PZT sensor. 

The electro-mechanical properties of the piezoelectric material type 850 were available from 

American Piezoceramics Inc., and typical Al properties (Young's Modulus = 69 GPa, Poisson's 

ratio = 0.33, density  =2700 kg/cubic meter)  were  used  for the numerical  computation. 



Calculations were performed using a personal computer: Pentium IV 2.66 GHz CPU, 512 MB 

RAM and Compaq Visual Fortran 6.1. The Young's modulus, Poisson's ratio and density of the 

conductive epoxy were assumed to be 2.66 GPa, 0.33 and 1100 kg/ cubic meter respectively. 

II.1.7 Results and Discussion 

Reported here is the experimental and numerical response of PZT actuators with a degraded 

interface, under dynamic excitation in acoustic-ultrasound range. It is shown that energy losses 

and signal changes may occur due to interface degradation and that these changes depend on the 

actuation frequencies in respect to the PZT resonance frequency. These results suggest that it is 

important to consider the interface degradation to guarantee the reliability of the response in 

SHM systems. Here the interface degradation is assumed to be a local debonding of the interface 

between the PZT ceramics and the hosting structure. The effects of debonding extent, location 

and shape underneath PZT actuators are also presented. 

I LI.7.1  Experimental Results 

Figure 15 shows a scheme of the experimental test setup. The Al plate is simply supported at its 

base and insulated from external vibrations. The PZT sensors and actuators were mounted on the 

plate with the pattern described in section II. 1.3 and according to the interface designs described 

in section II. 1.4. A top view image of a PZT disc is shown in Figure 19b. Typically, PZTs are 

sandwiched between silver paste electrodes on each side which supply a uniform charge across 

the surface of the PZT. The bottom electrode layer was electrically connected to the grounded Al 

plate with a conductive adhesive interface which was designed and fabricated with the procedure 

described in section II. 1.4 and II. 1.5. The upper electrode was soldered and connected to the 

Smart Suitcase. The Al plate was grounded. In Figure 19c is a Scanning Electron Microscope 

(SEM) image of a conductive adhesive interface which is made out of two mixed parts (part A 

and part B). An Electron Microscopy characterization was performed to measure the interface 

thickness of the PZT actuator surface mounted to the Al plate. For this purpose, a sample 

specimen was built and cut along a vertical plane (orthogonal to the bondline plane) to have a 

direct view of the interface. In Figure 19b is an SEM image of the cut specimen which shows 

from the top to the bottom: a) the PZT actuator, b) the interface and, c) the Al plate. The 

reference interface was measured to be 7um thick.   The study involved analyzing the sensor 



signals (PZT sensor in the center of the plate as in Figure 18) due to independent actuations of 

the 4 neighboring PZT actuators. 

II.1.7.1.1  Effects of the Interface Debonding 

The effect of a debond and of the debond extension underneath an actuator on the actuator's 

ability to generate and propagate diagnostic signals was studied. An asymmetric interface 

debond was found to lead to energy losses which are dependent on the extension of interface 

damage and on the actuation frequency. 

The reference actuator signal was compared with the signals generated by actuators having a 

constant thickness and a varying contact area. The set of samples in the analysis was Set 1 

(Figure 16). An asymmetric side was growing toward the center of the PZT disc reaching a 

maximum 50% debonding area. In Figure 20 are reported the results of tests performed on PZTs 

having a 10%, a 30% and a 50% debonding area (interface: Type A2, Type A 3 and Type A4) for 

an actuation frequency of 300KHz. The signal's phase was affected by a debonding area 

increase. A signal delay was observed with increasing debonding area as shown in Figure 20, 

which reached an 18% delay in the case of 30% debonding. The sensor signal amplitude was 

observed to decrease linearly with increasing debonding area reaching a 62% decrease for a 50% 

debonding. The amplitude change was also found to be sensitive to the selected actuation 

frequency. The analysis for a frequency range of lOOKHz to 500KHz is reported in Figure 21. A 

100% amplitude in the graph corresponds to a fully bonded PZT actuator (no debonding, contact 

area A|) and is compared with amplitudes of PZT actuators with 10%, 30% and 50% debonding 

area (A2, A3, A4). The test results show that there is a linear signal amplitude decrease for higher 

actuation frequencies (250KHz and 300KHz) reaching a 73% amplitude decrease at 250KHz 

and 50% debonding area (PZT-Type A4). The response was different at lower actuation 

frequencies (between 150KHz and 200KHz). For a 30% debonding and frequencies below 300 

kHz within the selected test range, the actuator suffered most significantly from energy loss in 

signal transmission. At low frequencies the signal amplitude decreased until it reached a 30% 

debonding size. This phenomenon is suspected to be associated with the natural resonance 

frequency of the bonded actuators which in this case is 210KHz. When a PZT actuator is fully 

bonded to a thin metallic structure (e.g. contact area A|), shear strain motions are predominant 

and generate Lamb waves within the hosting structure.  However, out-of-plane motions are also 



involved and are transferred into the structure due to energy coupling and boundary effects. The 

result is a Bessel-like vibration mode. The behaviour changes when a PZT actuator is partially 

debonded (e.g. contact areas A2, A3 and A4). In these cases, the bonded areas still follow a 

Bessel-like vibration pattern, while the motion in the debonding area is characterized by a modal 

vibration similar to the one of a cantilever. This affects the displacements in the debonded 

region which are higher in comparison to the ones of the bonded area and result in stress 

concentration at the singular points as later discussed in section II. 1.7.2. The reduced coupling 

between the debonded PZT actuator and the structure results in a reduced displacement in the 

bonded region and so in a reduced signal amplitude. 

II. 1.7.1.2 Effects of Debonding Shape 

In section II. 1.7.1.1 it was shown that a partial debonding of the interface of a PZT actuator 

surface mounted on a thin Al plate affects the sensor signal amplitude and phase for a wide 

frequency range. Here is discussed the effect of different debonding shapes and location 

underneath the PZT actuators on the signal. The samples in the analysis are the ones of Set II 

where the debonding area was set to 20% while the shape and location underneath the actuators 

was made to change (Figure 17). The test was performed with the same approach described in 

section II. 1.7.1.1. The sensor signals were recorded and compared with the reference signal of a 

fully-bonded PZT actuator. In Figure 22 is shown the effect of different debonding shapes for a 

given debonding area. The plot shows the measured sensor signals corresponding to an actuator 

input at 250 KHz which is around the resonance frequency of the PZT actuator. It is clear that 

the amplitude of sensor signals was affected by the debonding shape, but the phase of the signal 

did not change as obviously as the amplitude. The highest phase amplitude change was observed 

to be only 0.75% for a side debonded PZT actuator. Figure 23 shows the effect of debonding on 

the sensor signal amplitude at a 250 KHz actuation frequency. The signal amplitude of the 

reference PZT is taken as 100% (reference) and the amplitudes of the other debonded PZTs are 

plotted against this reference value. The edge debonding induced the smallest amplitude drop 

(12%) among the three debonding shapes compared. Actuators with debonding from two 

opposite sides suffered the most significant decrease in amplitude (24%) probably due to stress 

concentrations at the singular points (see section II. 1.7.2). 



II.1.7.2 Numerical Study and Comparison with the Experimental Analysis 

The results of a simplified two-dimensional SEM model, which was used to validate the 

experimental results by studying the effect of a debonding underneath the PZT actuators, are 

presented here. An asymmetric side debonding, extending toward the center of the PZT actuator 

was investigated. In Figure 24a is shown the sensor signal over time for a fully bonded PZT and 

partially debonded PZTs with 10%, 25%, 33% and 50% debonding areas actuated at a lOOKHz 

frequency. The sensor signals changed in terms of amplitude and phase when the PZT actuators 

were debonded from the Al plate, according to the experimental results. The signal amplitude 

varies with increasing asymmetric debonding size. It is also shown that the observed 

phenomenon depends on the actuation frequency. This can be seen by comparing Figure 24a and 

Figure 24b that show the plot of signal amplitude vs. time in the case of a 1 OOKHz and 500KHz 

actuation frequency, respectively. In this case, an increase in sensor signal strength with a 50% 

debonding size was observed at a 500KHz frequency. This is in agreement with the experimental 

results discussed in section II. 1.7.1.1, where it was shown that both amplitude and phase of the 

sensor signal were strongly affected by the increase in the debonding area and that these changes 

were also sensitive to the excitation frequencies. In particular, the experimental results clearly 

showed the decrease of sensor signal with an increase in the debonding area. However, at some 

excitation frequency ranges, after a drop of the sensor signal strength caused by the debonding, a 

further increase of the debonding area resulted in an enhancement of the sensor signal strength. 

The numerical simulation confirmed such behaviour as shown in Figure 24b, where, with 

increasing debonding size, the sensor signal strength first decreased and then increased. 

In order to clearly observe the changes in the sensor signal strength because of the interface 

debonding, maximum amplitude of the sensor signal measured against the asymmetric 

debonding size is described in Figure 25. The maximum amplitudes are normalized by the 

maximum amplitude of a fully-bonded PZT (0% debonding area). The decrease/increase trends 

of the maximum amplitude with debonding area size arc shown in excitation frequency ranges 

between 100kHz and 500kHz, according to the experimental analysis. At excitation frequencies 

lower than the PZTs natural frequency, the numerical trend is in agreement with the 

experimental results showing a drastic drop in the maximum signal amplitude for a 33% 

debonding area and showing a maximum amplitude increase for higher debonding areas (50% 



debonding). This numerical result can be observed in Figure 25a, 25b and 25c between lOOKHz 

and 300KHz and can be compared with the experimental study in Figure 21 (between 150KHz 

and 200KHz). This frequency range offset between the numerical and experimental result is due 

to the fact that the natural resonant frequency of PZTs settles at 21 OKHz and 330KHz for the 

experimental and numerical study respectively. 

Furthermore, the numerical simulation showed that at frequencies lOOKHz and 200KHz much 

lower than the resonance frequency (330KHz), the maximum sensor signal amplitude for a 50% 

debonded PZT is amplified with respect to the fully bonded PZT. While for frequencies closer 

to the resonance frequency (300KHz and 400KHz), a 50% debonding area is characterized by a 

signal amplitude lower than the fully bonded PZT (0% debonding). This result is in agreement 

with the experimental data, where the signal strength of a 50% debonded PZT excited at a 

frequency near the resonance frequency (21 OKHz) is lower than the signal strength of the fully 

bonded PZTs (0% debonding). At frequencies higher than the resonance frequency, both 

experimental and numerical data show a maximum signal strength decrease. However, in these 

cases it was observed that the numerical data predicted a different "trend" in comparison with the 

experimental data. A maximum drop of signal strength for low debonding areas (10%) was 

recorded but further increase in the debonding area showed an increase of the signal strength. 

The different trend between the experimental and numerical data at frequencies higher than the 

resonance frequency, is explained by the fact that as the wavelength of the stress waves becomes 

closer to (in the order of magnitude) or smaller than the size of the actuators and sensors, the 

interface properties can have a significant effect on the responses of sensors and actuators. The 

SEM model used in this analysis was based on a simplified two-dimensional model which loses 

accuracy at higher frequencies. 

As discussed in section II. 1.7.1.1, a PZT with a debonded interface can be interpreted as a 

complex structure with a region that is fully bonded to the structure and another region that is 

debonded and behaves like a suspended cantilever. In Figure 26 is reported the stress analysis of 

a 50% asymmetric debonded actuator interface. The analysis was performed with the SEM-based 

code. In Figure 26a is shown the actuation signal (voltage) vs. time at 200KHz. The analysis was 

performed at 12usec which is highlighted in the signal curve. In Figure 26b and 26c are shown 

the inter-layer shear stress distribution and the normal stress distribution, respectively. This result 

clearly shows that stress concentrations occur at singular points like the bonded free edges. 



 — 

These stress concentrations may be the cause of energy losses and thus of a strength reduction in 

signal amplitude. 



II.2 Carbon Nanotubes Coated Piezoelectric Actuators 

Recent development of sensor technology for structural health monitoring (SHM) requires 

bonding or integrating sensors onto the structures. Bondline integrity of these sensor interfaces 

critically affects the performance of the underlining structural health monitoring systems. 

Piezoelectric ceramics (PZT) are widely selected for such an application39'40 and are normally 

coupled to the structure through a thin adhesive layer. Piezoelectric elements could be used as 

both an actuator to expand and contract generating elastic waves into the structure and as a 

sensor to measure dynamic strains of the structure. Obviously, a loss of interfacial integrity 

between the PZTs and the structure would result in a reduced sensor/actuator signal strength, 

which can have a detrimental effect on the SHM systems41. 

Normally a PZT is sandwiched between two silver paste layers (SP) and bonded to the structure 

with a thin polymer adhesive (Figure 27) layer. The SP layers play the role of electrodes that are 

used during the polarization and the inservice life of the PZT actuators. PZTs are normally 

polycrystalline in nature, which means they do not have piezoelectric properties in their original 

state. The piezoelectricity is normally induced in these materials via a poling procedure which 

consists of applying high dc electric fields using the SP layers as electrodes. The SP electrode 

(about 6pm thick) is made out of silver and glass particles. The paste is spread onto the PZT and 

fired on at high temperatures (560°C). The problem is that the resulting electrode is weakly 

bonded to the PZT and can easily be peeled off causing debonding of the PZT from its 

supporting substrate. Therefore it is desirable to reinforce the interface between the PZT and the 

SP electrode. 

Furthermore, the latest sensor network technologies are working toward the integration of 

smaller and smaller actuators and sensors (down to the microscale) into large networks42'43. 

Toughening or reinforcing the bondline strength of microscale sensors and actuators on 

structures is becoming a major challenge. 

It has been demonstrated in the literature44 that the mechanical properties of materials at the 

interface can be enhanced by inserting a filler material uniformly dispersed into the adhesive. 

The filler material must satisfy four main requirements: a) large surface area per unit mass, b) 

good dispersion, c) alignment and d) interfacial stress transfer. Carbon nanotubes (CNTs) are 

considered to be an ideal filler material for mechanical reinforcement because of their interesting 



mechanical properties and their extremely large interfacial area. Polymer/CNTs composites 

(e.g.44-46-47) have shown many promising results. 

In this report a new design is presented to reinforce the bondline of PZT actuators with CNTs. 

Fabrication techniques were developed for the realization of the proposed design and will be 

discussed in this report together with interface design and the mechanical study of the CNTs- 

based interface. 

11.2.1 Design and Realization 

11.2.1.1 Introduction 

CNTs composites have shown promising results in recent years (e.g.44,48-49), however uniform 

dispersion and alignment of CNTs in the hosting matrix is still one of the major problems. CNTs 

have the tendency to agglomerate, bundle together and entangle, leading to defects in the 

polymer composites50-51. Single CNTs should be isolated, individually coated with the polymer 

and oriented in a desired direction44. The technique that is mostly in use today to produce CNTs 

composites is to disperse CNTs in a hosting material before aligning them. Usually dispersion is 

achieved by energetic agitation of CNTs in solvents and in the hosting polymer (e.g. 51' 

52,53,54.46,55^ an(j ^g^ng^ js achieved with the use of electrospinning56-57-58-59,60 and magnetic 

fields61'62"63 melt processing64, mechanical stretching65, shear66, extruding67 and spin casting68. 

Even though these approaches have shown a lot of improvement, results are still not fully 

satisfactory. Alternative solutions need to be investigated in order to truly align and disperse 

CNTs in a hosting polymer. 

In this report a unique design of a carbon nanotube-coated PZT (C-PZT) is presented. The 

fabrication approach is based on pre-aligning and constraining CNTs onto the bondline prior to 

embedding them into the polymer adhesive. The advantage of this approach is that it can be 

easily scaled up to larger areas and to a broad range of bonding surfaces, which makes it suitable 

for structural as well as electronic applications. 

11.2.1.2 Problem Statement 

In this investigation, it is proposed to develop a new conductive coating made out of oriented 

carbon nanotubes (CNTs) in order to replace the SP electrode of standard PZTs and improve the 



bondline integrity (figure 28).   The approach is to develop appropriate fabrication techniques to 

insert oriented CNTs into the bondline and to conduct mechanical tests to evaluate the interfacial 

strength of a CNTs-coated PZT actuator (C-PZT) mounted on a hosting structure. 

In section II.2.1   , the focus of the discussion will be on the fabrication techniques. The testing 

and the test results will be presented separately in section II.2.26'. 

H.2.1.3 Method of Approach 

The major tasks in the development of the CNT-reinforced interface include: (1) design of the 

CNTs film carpet; (2) fabrication of CNT-reinforced interface. The main idea of the interface 

design is to eliminate the weak link in the bond and reinforce the adhesive layer. With this in 

mind, one of the two SP electrodes is replaced by a high density nano-electrode array of aligned 

Carbon Nanotubes (CNTs-NEA), which simultaneously play the role of being an electrode as 

well as a reinforcing filler material. A scheme of the interface design is shown in Figure 27b. 

CNTs are uniformly dispersed and oriented into the adhesive polymer with their longitudinal 

axis perpendicular to the PZT surface. 

The main challenge in the fabrication process is to achieve a uniform dispersion and alignment 

of CNTs in the bond adhesive. Here is presented a new approach to control CNTs orientation, 

dispersion and distribution in an adhesive bond. The key elements of the approach are: (1) 

integrate and constrain a Pre-Aligned CNTs (PACNTs) film into the adhesive polymer, as 

schematically shown in Figure 29, and (2) make use of the strong capillarity effect that 

characterizes the CNTs carpet. In this way the adhesive polymer is fully absorbed by the CNTs 

nanochannels, wetting each single CNT and maintaining their orientation; moreover CNTs 

migration and aggregation during the embedding and curing process is avoided (Figure 29b). 

With this in mind, the first step is to coat one of the two surfaces which are part of the bond (PZT 

for this specific application) with a thin film of aligned CNTs, thereby constraining the CNTs 

tips to the PZT (Figure 29a). The next step is to drop a polymer adhesive onto the film to bond 

the other surface (metal structure in this case). 

There are two possible approaches that could lead to a polarized PZT coated with a CNTs carpet: 

(1) direct CNTs growth onto a polycrystalline PZT surface, or (2) coat a polarized PZT with a 

CNTs carpet. In the first case the PZT polarization can be achieved after the growth process 

through the CNTs-NEA, while in the second case the PZT polarization can be achieved by 



means of a sacrificial silver paste electrode which is then removed and replaced by the CNTs- 

NEA, at room temperature. 

A high- and a low-temperature process were developed for the first and the second method, 

respectively. The high-temperature process consists of growing aligned CNTs directly onto a 

polycrystalline PZT surface, while the low-temperature approach consists of transferring a film 

of oriented CNTs at room temperature from a substrate onto a polarized PZT with the help of an 

ultra-thin conductive adhesive layer. In this way electrical contact between the PZT and the 

PACNTs film is maintained. A schematic of the process for the realization of the C-PZT is 

represented in figure 30. 

11.2.1.4 Fabrication Process 

Piezoelectric disks with silver paste electrodes were selected as the baseline PZT material. PZTs 

(material type 850) with a diameter of 6.35mm and thicknesses of 250pm (t-PZT) and 750pm 

(T-PZT) were used for the low-temperature process. PZTs with 9.5mm diameter and a thickness 

of 1.24mm were used for the high-temperature study. 

Several substrate types were investigated. The substrates in analysis for the two fabrication 

approaches are shown in Figure 31g and 31b. The standard substrate is a PZT coated with the 

silver paste electrode. The second type is a bare PZT and the third is a bare PZT coated with an 

AmSi or SiC»2 layer. The bare PZT is made by peeling off the original silver paste electrode. 

Peeling for T-PZTs is achieved via mechanical polishing using a diamond foil on a rotating plate, 

while for t-PZT it is achieved by etching the silver paste in a nitric acid bath. The etching process 

is chosen to avoid further and uneven PZT thinning. In this case only the SP electrode is brought 

into contact with the acid in order to minimize chemical variations in the PZT material. The 

Amorphous Silicon (AmSi) layer was deposited with an e-beam evaporation system, and a 

Plasma Enhanced Chemical Vapour deposition process was adopted to deposit the SiC>2 layer. 

For the low-temperature method a lum thick AmSi layer was deposited, while for the high- 

temperature approach variable AmSi and SiC»2 thicknesses were deposited in order to study and 

optimize the CNTs growth on the PZT surface. Thicknesses ranged from 78Ä to 1 urn for the 

SiC>2 layer, and from 500nm to 1 pm for the AmSi one. Iron catalyst nanoparticles (24Ä) were 

evaporated onto the as-prepared substrates and oriented multiwalled Carbon Nanotubes 

(MWNTs) were grown with a Thermal Chemical Vapour Deposition (CVD) process in a 50mm 



diameter horizontal quartz tube furnace. Oxygen-free Argon is injected to purge the air and the 

temperature was increased and stabilized at a pre-set value (700°C) for 10 minutes. Ethylene gas 

was used as the hydrocarbon source and was diluted with Hydrogen/Argon for higher 

temperature growths. Argon/Hydrogen was flown again prior to lowering the temperature to cool 

down the sample. The same procedure was adopted to grow MWNTs forests on silicon chips 

that had been previously cleaned with Piranha and Hydrochloric Acid. However, in this case the 

temperature was raised up and stabilized to a pre-set value of 700°C. Ethylene gas decomposed 

at high temperature, forming a forest of oriented MWNTs on the Fe catalyst nanoparticles. The 

MWNTs were weakly bonded to the silicon chip. 

A conductive adhesive (silver adhesive -CG) layer was spread onto the PZT surface and 

thinned down to 50nm-lum (Figure 3lh). The silicon chip, coated with the MWNTs forest, was 

reversed on top of the PZT substrate (or vice-versa) and the two parts were slowly brought into 

proximity with each other. As soon as contact was made, the Si chip was instantly removed, 

effecting the transfer of the MWNTs film onto the PZT surface (Figure 32 and 30). The 

transferred PACNTs were either pre-patterned on the Si chip before printing (Figure 33a) or 

were patterned to the desired shape after printing (Figure 33b). Patterning, before printing, was 

achieved by growing CNTs only on preselected areas by selectively depositing Fe nanoparticles. 

This was done with the help of a shadow mask (Figure 33e and 33f) or with a standard 

photolithography process (Figure 33c and 33d). Aligned CNTs were then grown on the patterned 

catalyst area (Figure 33g). Patterning after printing was achieved with a thin Kapton mask coated 

with a Silicone layer that was brought in contact with the tips of the transferred PACNTs (Figure 

33c) and then lifted off (Figure 33d). 

After patterning, the CG layer was either cured at room temperature or cured on a hot plate for 

10 minutes at 120°C. In this way the CNTs tips were constrained onto the PZT substrate. 

The PZT actuator was then bonded to a metal structure (iron cubes with 2mm sides) with a non- 

conductive structural adhesive (NC) polymer (Hysol EA 9396). Several challenges made the 

bonding process a difficult step: 1. contact area control, 2. bond thickness control, 3. uniform 

dispersion and orientation of the CNTs in the hosting adhesive. The approach is represented in 

Figure 34. The contact area was controlled with a Teflon mask (Figure 34a) which was placed 

around the PACNTs film. A small amount of adhesive was dropped onto the film (Figure 34b). 

The metal was mounted on a micro-manipulator, placed on top of the PACNTs carpet and slowly 



brought into contact with the C-PZT (figure 34c). The bond thickness was controlled by 

controlling the vertical displacement of the micro-manipulator and by monitoring its gap from 

the PZT substrate. This method could be adapted to large metal areas by mounting the PZT, 

rather than the metal, onto the micro-manipulator and by dropping the adhesive polymer onto the 

metal instead of the C-PZT. 

11.2.1.5 Results and Discussion 

Here are discussed the low- and high-temperature processes that were developed to insert a high 

density array of oriented CNTs in a structural bond. The low-temperature approach consists of 

printing a CNTs film from one substrate to any other substrate with a low-cost, simple and 

reliable technique. It has the potential to be used for small and large area applications. The high- 

temperature process consists of growing a thin film of aligned CNTs directly on one of the two 

surfaces which are part of the bond. 

The next sections provide a step-by-step analysis and discussion of the developed processes, 

which include: (5.1) PZT substrate preparation results, (5.2) realization of the polycrystalline C- 

PZT with the high temperature process, (5.3) realization of the polarized C-PZT with the low- 

temperature process, (5.4) integration into adhesive polymer: dispersion and alignment. 

II. 2.1.5.1 PZT substrate preparation results 

Here are discussed the results of the chemical treatment and mechanical polishing approach that 

are adopted to peel the silver paste (SP) electrode that coats standard t- and T-PZTs respectively. 

Particular focus was given to the effect of the adopted process on the chemical content and 

microstructure of the PZT (Lead-Zirconate-Titanate) material. The chemical treatment was 

optimized by running experiments in: (a) Nitric acid and; (b) Nitric acid followed by 

Hydrofluoric acid (HF) baths for a variable time (up to 2 hours). The main result of this study is 

that only Nitric acid can be used to peel the SP electrode. In this case no meaningful variation of 

the PZT microstructure and of the PZT elemental content was observed. The PZT surface was 

affected by the HF solution and this effect was stronger for longer etching times. Figure 35 

shows the X-Ray Intensity vs. Energy for an untreated PZT, and for a PZT treated in HF for two 

hours (Figure 35a). The analysis shows a change in the PZT elemental content. In particular, a 

194% and 176% relative decrease in 77 and Zr content, respectively, and the appearance of the F 



peak are observed in the case of treated PZT. These results were confirmed by the analysis of 

the PZTs microstructure before and after treatment. A typical PZT morphology was 

characterized by a regular assembly of microscopic crystal grains (Figure 35b) which can still be 

recognized in PZT samples treated in Nitric acid. A drastic change was observed when PZTs 

were treated in an HF solution. In this case the typical PZT crystal structure turned into an 

amorphous morphology (Figure 35c). This effect was again observed to increase with increasing 

time in the HF solution. 

The mechanical polishing approach was found to maintain the same PZT elemental composition, 

however, it caused a reduction in PZT thickness due to a smoothing and levelling effect of the 

crystal grains. 

II.2.1.5.2 Growth of aligned CNTs on a PZT substrate 

The CNTs growth process on a polycrystalline PZT surface showed that a carrier layer such as 

SiC>2 or AmSi was needed to enhance the growth and that the process was strongly dependent on 

its thickness and temperature. Figure 36a is a picture of a PZT before and after the optimized 

CNTs growth process. The result is a PZT coated with a high density array of oriented CNTs (C- 

PZT) directly grown on its surface. The picture shows a macroscopic view of the CNTs carpet 

which looks like an ultra-thin uniform black coating (figure 36a), while the Scanning Electron 

Microscope (SEM) characterization at the nano-scale showed nanotubes with diameters of about 

50-90nm and with a global orientation normal to the PZT surface. The CNTs longitudinal axis 

was characterized by an irregular waviness along its entire length, giving rise to a total film 

thickness of 2um-3um. The result in Figures 36a and 36b shows the optimized process which 

was achieved on a peeled PZT coated with a 1 pm thick AmSi layer. Ethylene was diluted with 

Hydrogen/Argon carrier gases at a growth temperature of 820°C. The grain boundaries of the 

ceramic surface give rise to irregularities of the CNTs carpet which can be observed in Figure 

36b. 

The growth dependence on the process temperature was shown in Figure 37 and 38a. The inset 

on the left corner in Figure 38a shows a scheme of the experimental procedure. PZTs were 

coated with a 1 urn thick SiC>2 layer and growths were done flowing pure Ethylene at increasing 

temperatures (from 700°C to 800°C). The SEM characterization (Figures 37a-37f) clearly shows 

that the CNTs-density increases with increasing temperature from 700°C to 760°C (Figures 37a- 



37d) and at 780°C (Figure 37e) fibers with diameters of about 250nm are formed. When a 

temperature of 800°C is reached, CNTs or fiber growth is totally lost (Figure 37f). To quantify 

this study, the percentage area covered by the CNTs was calculated from the SEM pictures. 

Results are shown in Figure 38a with the dots and with the fitting curve of the experimental data. 

The curve plotted the percentage area (A%) vs. temperature. It indicates that when there is no 

carrier layer, CNTs growth is totally inhibited. The addition of a carrier layer (SiC>2 for this case) 

allows CNTs growth and this effect increases with increasing temperature (up to 780°C) for a 

given SiC>2 thickness. CNTs growth is also affected by the thickness of the substrate carrier layer; 

an increasing thickness results in a density increase. The scheme on the bottom right of Figure 

38a shows the experimental procedure. The growth temperature was fixed at 760°C, while the 

substrate thickness (SiC>2) was increased from 7.8nm to 1p.m. Both SEM images (Figure 38b- 

38e) and the experimental curve (square marks in Figure 38a) show that the CNTs A% increases 

with increasing substrate thickness. The analysis of the elemental composition shows that carbon 

is the main element identified along with small traces of oxygen that can be attributed to 

oxidation of carbon nanotubes after the growth process. 

The high temperature reached during the growth process may cause depolarization of the PZT 

crystals which eventually need to be polarized again after growth. 

11.2.1.5.5 Printing of aligned CNTs on a PZT substrate 

Best results for the realization of the MPZT was achieved with the printing method approach at 

room temperature. One of the advantages of this method is that PZT depolarization is avoided 

due to the low temperature of the process, so PACNTs can be transferred directly onto a 

polarized PZT. With this method, oriented CNTs were first grown on a Si chip and then were 

transferred on the PZT surface with the help of an ultra-thin CG layer. The process results were 

shown in Figure 39. A film of oriented CNTs was grown on a Si chip (Figure 39a). The CNTs 

axes were oriented in the vertical direction, perpendicular to the Si substrate and were uniformly 

distributed over the entire surface. CNTs showed a homogeneous height of 60pm and their 

longitudinal axes had a wavy-like shape. Iron catalyst nanoparticles were mainly located at the 

tips in contact with the Si substrate showing a predominant bottom-up growth process. The free 

tips of the CNTs film were then brought in contact with the PZT surface (coated with the CG 

layer).  CNTs got transferred owing to the weak CNTs-Si bond and to the higher sticking force 



generated by the CG. Figure 39b shows an SEM image of a polished PZT coated with a 

transferred CNTs fdm. A higher magnification of the printed film is in Figure 39c. After the 

transfer, CNTs kept their vertical alignment and coated uniformly the entire PZT surface. Iron 

nanoparticles were then localized in the free CNTs tips and can be recognized in the image as the 

whiter dots. A scheme of the nanoparticles location is shown in Figure 30. A top view SEM 

image of the edge of the CNTs film is shown in Figure 39d. Moving from the bottom to the top 

of the image the three overlapped layers are shown: 1) PZT grains, 2) conductive adhesive (CG) 

and, 3) CNTs free tips. 

The result of the printing study shows that key elements for a successful transfer are the pressure 

applied during contact and the contact time. 

The pressure applied during printing could compromise the result. CNTs are known to have, in 

compression, a very high deformability (up to 100%)70. However, plastic deformations can occur 

for CNTs films and these deformations may be localized at the CNTs tips for a low Lc/yJA ratio 

(Lc being the height of the CNTs and A a square extensional area of the film)70. Figure 39a 

shows an example of a CNTs film, plastically deformed due to the pressure applied during 

printing. The local deformation is usually uniformly spread all over the entire film area (Figure 

39a). The SEM image in the inset (left up) shows a higher magnification of a kink-like plastic 

deformation localized at the tips of the CNTs film, as schematically represented in the inset in 

Figure 40a. 

The contact time may influence the transfer result because the PACNTs film behaves as a high 

density array of nanochannels (Figure 40b), being the average axial distance between each single 

CNT in the film of the order of less than 50nm. The capillarity effect in a channel increases with 

the decreasing radius and so it is enhanced for the specific CNTs film in analysis. As a 

consequence, when CNTs are brought into contact with a viscous fluid (like the CG non-cured 

layer), they may absorb the fluid along the nano-channels (along the film thickness). A reduced 

contact time and a reduced thickness of the CG layer may reduce such an effect and enhance the 

transfer results. A longer contact time (order of lsec.) could fully compromise the transfer. In 

this case, PACNTs would not be printed on the PZT, they would stay on the Si chip partially 

embedded in CG. In Figure 40b is an example of a PACNTs film, transferred onto the PZT 

surface and with a partial absorption of CG along the film thickness. 



CNTs films were successfully transferred with conductive and nonconductive adhesive 

polymers, which leads to the adaptability of the proposed approach to different kinds of 

applications, adhesive types and bonding surfaces. 

II. 2.1.5.4 CNTs Alignment and Dispersion 

The goal and the challenge were to reinforce the adhesive polymer with uniformly dispersed and 

"oriented" CNTs. With the proposed approach the NC adhesive was dropped onto the 

freestanding PACNTs carpet which was bonded, at its base, to the PZT surface (C-PZT), as 

shown in figure 34b. A thorough microscopic analysis of the samples was conducted to: a) verify 

and understand how the developed procedure influences the PACNTs dispersion in the adhesive, 

b) determine whether the PACNTs orientation was affected by the embedding process, c) 

determine whether the PACNTs were fully embedded into the polymer adhesive, and d) verify if 

migration of CNTs happened during the curing process. Figure 41 provides side views of a 

PACNTs carpet transferred onto a PZT surface (Figure 41a) and then embedded into the 

adhesive polymer (Figure 41b). These images showed that CNTs kept their original wavelike 

configuration, alignment, orientation and location after being embedded into the polymer. The 

top view image of the same sample also shows (Figure 4 Id) that each single CNT in the adhesive 

was isolated and surrounded by the polymer. This interesting result is due to the fact that: (a) the 

polymer was fully absorbed by the nanochannels along the entire channel length avoiding a 

direct loading of the CNTs due to the polymer weight, (b) the adhesive entirely filled up the 

nano-spaces along the CNT heights which avoided the formation of voids in the nanocomposite 

bond, (c) the bond between the CNTs tips and the PZT surface avoided the CNTs migration 

during the curing process. The final result was an adhesive reinforced with a high-density array 

of oriented CNTs which were fully dispersed and embedded in the hosting material. In 

conclusion the approach of pre-aligning and constraining CNTs prior to embedding produced an 

optimum result in terms of CNTs dispersion, uniformity and orientation. 



11.2.2 Characterization and Testing 

The silver paste electrodes are known to be a weak link between the PZTs and the hosting 

structure since they can be easily peeled-off from the PZT surfaces. In section II. 1 it was shown 

that a debond between the silver paste coat and the PZT ceramic could not only considerably 

affect the PZT actuating performance, but also reduce significantly the load-transfer capability of 

the PZT ceramic actuator to the hosting structure through the adhesive interface71. To reduce the 

risk of bondline failure or degradation at the PZT-silver paste interface, Lanzara and 

Chang72'73'74,75 proposed to replace the silver paste elecctrodes with a nanoelectrode array of 

carbon nanotubes as described in section [1.2. The design of the CNTs coated PZT (C-PZT) 

consists of a carpet of pre-aligned carbon nanotubes (PACNTs), transferred onto the PZT surface 

and oriented perpendicularly to the bondline. The PACNTs carpet is used at the same time as an 

electrode and to reinforce the interfacial adhesive layer of the PZT sensors/actuators. Very little 

study has been devoted in the literature to the use of PACNTs as an electrode as well as a 

reinforcing element for PZT actuators. Randomly mixed CNTs with an epoxy resin showed a 

45% increase in adhesion strength compared to a graphite fiber composite interface76. This result 

showed that dispersion and alignment of CNTs in the polymer are key parameters that affect the 

bond shear strength significantly. 

In this section, the mechanical behavior, particularly the shear strength, of the C-PZT actuator 

was characterized. The results for a high density array of PACNTs and randomly mixed CNTs 

are shown and compared with the case of an adhesive layer without CNTs. The dependence of 

the shear strength and the failure mechanisms on the interface microstructure is investigated. 

11.2.2.1 Problem Statement 

The mechanical response of a carbon nanotube-coated PZT (C-PZT) interfaccError! Bookm»rk no' 

defined. js mvestigated. The CNTs are used as conductive electrodes to replace the silver pastes on 

the PZT surfaces and as reinforcing elements for the interface. Figure 42 shows the schematic of 

a C-PZT where a PZT ceramic disc is bonded to a substrate with an adhesive reinforced with a 

pre-aligned (PACNTs) carpet. It is to be noted that the silver paste electrode was removed from 

the PZT surface before the PACNTs carpet was mounted. The objective of the study is to 

evaluate the strength of the bondline between the PACNTs and the PZT. The response of the C- 

PZT interface was compared with the standard one and with the one of adhesive mixed with 



randomly distributed CNTs. Major focus of the mechanical tests is given to the interfacial shear 

strength and to the bond failure mechanisms. 

11.2.2.2 Sample Design 

An important aspect of this study is the design ot the samples to be used to investigate the 

mechanical response of the bondline of a C-PZT surface mounted on a metal structure and to 

compare it with other bondline compositions. The major difficulty in this investigation was to 

test the shear strength of the C-PZT bondline avoiding PZTs failure due to their brittle nature. 

With this in mind, samples were designed in a way to avoid direct loading of the PZT ceramics 

and guide failure only into the C-PZT/metal structure interface. Figure 43 shows a scheme of the 

proposed sample design where a PZT disc is fully bonded to a Brass cube (10mm side) on one 

side and partially bonded to an Iron cube (2mm side) on the other side with Hysol EA9396 

epoxy adhesive, which is a standard adhesive used in aerospace applications. The Fe cube is 

representative of the metal structure. The adhesive between the PZT and the Fe cube is 

reinforced with CNTs. With this design shear loads were applied directly to the Fe cube 

avoiding, as desired, direct loading of the PZT ceramic. Moreover the smaller contact area 

between the PZT and the Fe cube guarantees that failure occurs in that interface only. 

The aim is to compare the following bondlines: 1. C-PZT fabricated with the low and the high 

temperature processes presented in ref.72 and bonded to the structure with the adhesive polymer; 

2. standard PZT surface coated with silver paste electrodes and bonded to the structure with the 

adhesive polymer; 3. bondline reinforced with randomly distributed CNTs into the adhesive 

polymer. For this reason samples with three different PZT substrates and adhesive compositions 

were studied as schematically shown in Figure 44. The PZT substrates were: 1. Standard PZT; 

2. Bare PZT (required for the low temperature process ) and 3. PZT coated with an Amorphous 

Silicon (AmSi) layer (required for the high temperature process72). The adhesive compositions 

were: 1. baseline adhesive (Type I); 2. adhesive reinforced with randomly mixed CNTs (Type II 

and III) and 3. adhesive reinforced with PACNTs (C-PZT) (Type IV). Sample types II and III 

differ in the volume of CNTs, which is equal to or twice that of the oriented CNTs case (Type 

IV). All the 12 possible combinations of substrate type and adhesive compositions were studied 

for a total number of 43 samples.    It is to be noted that C-PZTs fabricated with the high 



temperature process presented in ref. 72 were indirectly tested by testing the mechanical 

response of C-PZTs coated with an AmSi layer and with transferred PACNTs72. 

11.2.2.3 Sample Preparation 

Piezoelectric (PZT) discs, material type 850, that are coated with silver paste electrodes were 

selected as the baseline PZT material. The PZTs have a diameter of 6.35mm and thicknesses of 

250um (t-PZT) and 750pm (T-PZT). 

Samples were prepared by first bonding the Fe cube to the PZT and then bonding the PZT to the 

Brass cube. The bonding area between the PZT and the Fe cube was controlled by means of a 

Teflon mask which was placed onto the PZT and around the PACNTs prior to bonding the Fe 

cube . The images of the samples during fabrication are shown in Figures 45a, 45b and 45c. 

The interface reinforced with PACNTs and the substrates were fabricated by the method 

described in ref. 72. The interface reinforced with randomly mixed CNTs was fabricated by 

dropping a predefined volume of adhesive polymer onto a CNTs carpet and by stirring the 

mixture with high energy. The mixture was then dropped onto the Teflon mask which was 

mounted on the PZT surface prior to bonding the PZT to the Fe cube with the method described 

in ref.72. In Figure 44e is a picture of the samples prior to testing. 

11.2.2.4 Testing Fixtures 

The primary goal of this work is to characterize the shear strength of the C-PZT actuator 

bondline and compare it with the one without CNTs and with randomly mixed CNTs. The major 

challenge is to measure the shear strength at a local scale for the very small interfacial areas 

involved. For this purpose, special test setups were chosen and adapted to this study by designing 

appropriate fixtures. The main idea is to perform tests by loading the interface, in shear, up to 

failure. A Micro Hardness Tester (MHT) and a Delaminator were chosen for this purpose. These 

instruments can apply low comprcssive and tensile loads and are mainly used for local analysis 

in very small areas. Figure 46 shows the MHT test setup. Typically a MHT consists of an 

indenter tip that can move in a vertical direction and apply a predefined load in compression. 

For this study, a 2mm diameter Tungsten Carbide (WC) flat indenter was designed in order to 

apply a uniformly distributed load to the Iron cube. A mechanical grip was used to hold the Brass 

cube tightly at its base and to keep the interface in a vertical plane (Figure 46a). The grip was 



part of a movable stage which allowed the control of the sample location along the horizontal 

plane. 

The Delaminator set-up is shown in Figure 47. The set-up consists of an actuator and a load cell 

placed along the same horizontal axis. The actuator can move to provide tension on the Iron cube 

sample while the load-cell, which is fixed at the other end and houses the sample, measures the 

load. Two special grips were designed and fabricated. The first grip was used to house the Brass 

cube sample (see Figure 47) with the help of a 3mm <|> screw and hold the interface in a 

horizontal plane during the test, parallel to the loading direction. The second grip was used to 

apply a shear load to the Iron cube by bringing the inside edge of the grip in direct contact with 

the Iron cube during testing (as shown in Figure 47). These special grips are connected to the 

load cell and the actuator respectively with the help of 4mm pins which allow rotation of the 

grips around the pins axis during testing (see Figure 47). 

11.2.2.5 Test Procedures 

To characterize the bond shear strength of the PZT actuator interface, a shear load with 

increasing intensity and up to failure was applied to the Iron cube while the sample was held in 

the mechanical grip of the MHT and in the load cell of the Delaminator. The failure loads were 

recorded and the shear strength of each of the tested samples was calculated by dividing the 

failure loads with the corresponding contact area. Contact areas were determined by means of 

scanning electron microscopy (SEM) imaging and characterization. In the case of the MHT 

setup, the Fe cube was placed under the flat indcnter prior to testing. The indenter was brought 

into contact with the Fe cube with a contact force of 25mN and an approach speed of 40% per 

min. Upon contact, a compressive linear load (shear for the interface) with increasing intensity 

was applied to the Fe cube (loading rate of 15000mN/min) to bring the sample up to failure. In 

the Delaminator setup the interface in analysis was kept in the horizontal plane parallel to the 

loading axis (actuator's axis). The inside edge of the grip which was mounted onto the actuator 

(see Figure 47), was brought into contact with the Fe cube. In this way tensile loads (shear for 

the interface) were applied directly to the Fe cube until reaching failure. Tests were performed at 

an actuator speed of 0.27um/sec. 

11.2.2.6 Results and Discussion 



Here it is shown that the bondline strength of a C-PZT surface mounted on a substrate is 

significantly improved in comparison with a PZT coated with standard silver paste electrodes. It 

is also shown that failure did not occur between the PZT and the PACNTs coating. In this study 

emphasis is given to the bond shear strength, to the failure mechanisms and to the influence on 

the failure mechanisms of the fibres length relative to the bond thickness (Lc/H). The analysis is 

also extended to different kinds of CNTs-reinforced interfaces, in order to understand how the 

adhesive composition, fibres orientation and dispersion influence the mechanical response. 

II.2.2.6.1 Shear Strength 

The results of the normalized shear strength for each adhesive type (Type I to Type IV) are 

reported in Figure 48. The normalization is done with respect to the average shear strength of 

the baseline adhesive (Type I). The results clearly show that when CNTs are randomly mixed 

with the adhesive, the overall improvement of the shear strength is not significant compared to 

the baseline adhesive case (comparison of Type II and III with Type I). On the other hand, when 

oriented PACNTs are used to reinforce the bond, a significant improvement of the shear strength 

is observed with a peak value of 274% (Type IV). In this case however, the experimental data 

shows a wide variation suggesting that the CNTs orientation and distribution inside the bond 

might be playing a major role, as discussed later (see Section II.2.2.6.2). 

II.2.2.6.2 The Influence of CNTs Orientation and Distribution 

The SEM analysis of the samples after failure shows that samples with different composition 

have different morphology at the nano- and microscale and this influences their mechanical 

response (see Figure 49). When CNTs are randomly mixed with the adhesive polymer (20% 

CNTs volume fraction) (Figure 49a), they tend to migrate inside the polymer and entangle during 

the mixing and curing process. The entangling effect is enhanced by the CNTs' strong 

electrostatic attraction and by the polymer flow at low viscosity during the high temperature 

curing process. This results in the formation of micro-agglomerates and of microdefects 

spreading all over the bond thickness (see arrows in Figure 49a). The entangling effect increases 

with increasing CNTs volume fraction (Figure 49b). A 30% CNTs volume fraction gives rise to 

an ultra-viscous adhesive polymer layer prior to curing and to an increase in agglomerates 

density over the bond thickness after curing. The adhesive polymer surface becomes rough 



because of microagglomerates sticking out in an irregular manner. This results in a further 

weakening of the interface as shown by the experimental data in Figure 48 (Type III). 

The adhesive morphology changes completely when a PACNTs film is inserted in the 

adhesive polymer (Figure 49c, 49d). In this case, CNTs are constrained at the base, which helps 

to avoid migration during the embedding and curing process. Moreover, the strong capillary 

effect of the nanochannals in the PACNTs carpet enables uniform flow of the polymer in the 

nanochannels along their entire length of the CNTs and at the same time, keeping each single 

CNT isolated and fully coated with the polymer. CNTs keep their original wavelike 

configuration at the nanoscale (Figure 49c) during the embedding and curing process (Figure 

49d). The result is that CNTs are uniformly aligned and dispersed in the adhesive polymer layer 

as previously discussed72. 

II.2.2.6.3 Shear Strength Dependence on the PACNTs Microstructure 

Here it is shown that the length of the PACNTs relative to the bond thickness plays a major role 

in effectively reinforcing the bondline. To investigate the causes of the large variation of shear 

strength values in the case of PACNTs, (shown in Figure 48a), the PACNTs bond 

microstructures after failure were studied. Particular emphasis was given to the bond thickness 

(//) and the PACNTs length (Lc). 

Three main microstructure types were identified and are schematically shown in Figure 50: a) 

PACNTs that are shorter than the bond thickness (Lc/H<I); b) PACNTs that are longer than the 

bond thickness (in the range of / < Lc/H<3); or c) PACNTs that are much longer than the bond 

thickness (Lc/H>3). When the PACNTs are shorter than the bond thickness, an adhesive layer 

reinforced with CNTs and of thickness Lc, is in direct contact with the PZT, while a very thin 

bare adhesive layer of thickness A is in direct contact with the metal surface (where A=H-Lc). 

When the PACNTs are longer than the bond thickness (Lc/H>I), the global and local 

deformation of the PACNTs film is influenced by the bonding process. The PACNTs tips in 

contact with the metal may locally fold, increasing the CNTs density in that region. As a 

consequence, the CNTs density along the bond thickness is non-uniform. In Figure 51, the effect 

of the local deformation is shown for Lc/H=l.J. The PACNTs film after transfer and prior to 

embedding and bonding is shown in Figure 51a. In this case CNTs arc vertically aligned. Once 

the adhesive is dropped onto the PACNTs and the C-PZT is bonded to the metal structure, the 



CNTs bend and their tips fold locally in the areas of contact with the metal substrate. The typical 

example of a deformation is represented by the solid black line. Figure 51 c shows a closer view 

of the folding effect at the metal interface. The dependence of this folding effect on the Lc/H 

ratio is studied. The CNTs density and the folding effect at the metal interface increases with 

increasing Lc/H ratio {Lc/H»l) as shown in Figure 50. The density increase is found to lead, in 

extreme cases, to the loss of bond formation between the PZT and the metal structure. Two 

representative cases are shown in Figure 52, left and right panels, for Lc/H = 1.2 and 3.6, 

respectively. The folding effect is observed in both cases (see arrows in the upper panels), and 

appear to be stronger for the sample with larger Lc/H ratio (right panels). For the 1.2 ratio value, 

the PACNTs are fully embedded and isolated from each other in the adhesive polymer layer 

while for the 3.6 ratio value, because of the larger folding effect, the resulting CNTs density at 

the adhesive-metal interface is larger leading to partially exposed CNTs in that interface (top 

view picture in Figure 52 - on the right panel). This microscopic analysis suggests that the 

variation of the Lc/H ratio leads to a non-uniform distribution of the CNTs along the bond 

thickness H. It is likely that this is the key aspect to explain the mechanical response of the PZT- 

metal bond. 

II.2.2.6.4 Failure Modes and their Correlation with the Interface Microstructure 

Here it is shown that bondline failure in the C-PZT samples, does not occur in the interface 

between the PZT ceramic and the PACNTs coating. However it is shown that the bondline 

failure mechanisms and the shear strength are directly correlated to the Lc/H ratio. The 

dependence of the shear strength on the Lc/H ratio in the case of PACNTs is shown in Figure 53. 

From the microscopic analysis of the failure mechanisms, a clear correlation is identified 

between the mechanical response and the adhesive layer microstructure discussed above. 

More specifically, four different regions were identified corresponding to four different failure 

modes. These failure modes are found to be directly related to the Lc/H ratio, which gives rise to 

a different distribution of CNTs along the bond thickness, and hence to a different mechanical 

response. The direct relation between the mechanical response, the failure mechanisms and the 

geometry is schematically represented in Figure 53 (ZONE I to IV). It is observed that when 

Lc/H<I, the failure occurs in the A layer (ZONE I of Figure 53). When the ratio is l<Lc/H<3, 

there are two failure mechanisms (ZONE II and III):   (a) cohesive failure involving the entire 



bond (ZONE II) or; (b) failure of the support layers (ZONE III). Finally, all samples with 

Lc/H>3 are characterized by an adhesive failure mechanism (ZONE IV). 

When PACNTs arc shorter than the bond thickness, the bond is characterized by the layered 

microstructure described in section II.2.2.6.3 and schematically shown in Figure 53 (ZONE I). In 

this case, cohesive failure is restricted to the top layer of thickness A (weaker bondline) above 

the CNTs leaving intact the PACNTs layer below. An example of this failure mechanism is 

shown in Figure 54. The highlighted zone represents the contact area between the PZT (Figure 

54a) and the metal (Figure 54b) prior to failure. Adhesive polymer spots, as thick as the A layer, 

are found on the metal surface and are highlighted in the picture, while the bulk of the reinforced 

adhesive layer (thickness of Lc) is left onto the PZT surface. A higher magnification of a hole on 

the PZT surface (Figure 54b) shows the CNTs tips inside the adhesive polymer which suggests 

that failure occurs in the A layer only. 

Optimal results are observed when PACNTs are longer than the bond thickness with Lc/H 

values between 1 and 3 (ZONE II). In this case, the bond is made up of a reinforced adhesive 

along its entire thickness (Figure 53b) and the CNTs density in contact with the metal surface 

increases with the PACNTs length Lc. The highest shear strength improvement is observed when 

the PACNTs length is twice as long as the bond thickness and bare T-MPZT are bonded to the 

metal cube. In this case multiple fractures along the entire bond thickness H and length are 

observed giving rise to cohesive failure of the interface. Figures 55a and 55b are SEM images 

showing the contact area between the PZT (Figure 55a) and the metal surface (Figure 55b) as 

highlighted. The multiple fractures are shown with the curves that are drawn for better 

visualization. Fractures in the PZT and metal particularly match to each other. The fractured 

surfaces are mainly in multiple layers and orientations and have CNTs extending out of them 

(Figure 55c). CNTs may slow down fracture propagation, keeping the edges of a propagating 

fracture (figure 56b) joined until their breaking and/or pull-out from the adhesive polymer occurs 

(Figure 55c). On the contrary, when a fracture occurs in a baseline adhesive it rapidly 

propagates undisturbed in the bond until complete failure is reached (Figure 56a). This 

behaviour can also be observed in the Displacement vs. Time curves (Figure 56) of a bare and a 

PACNTs-reinforced adhesive which shows a failure delay if PACNTs are part of the bond. 

For the Lc/H ratio in the range 1 to 3, in the case of t-PZTs or T-PZTs coated with an AmSi 

layer (as needed for the high-temperature fabrication process  ), very low shear strength values 



are recorded which is due to the fact that the failure mechanism is characterized by peeling off of 

the AmSi substrate without involving either the bond or the interfaces. Similarly, when the C- 

PZT is made out of a t-PZT, the bond failure occurs for PZT peeling as shown in the scheme in 

Figure 57. This is because of the fact that the PZT surface, which is made up of an aggregation 

of crystal grains, may peel-off with the bond. The consequence of this failure mechanism as 

observed is that, after failure, the entire reinforced bond is attached to the metal (Figure 57b and 

57d) and its upper surface is coated with a layer of PZT crystals (Figure 57c and 57e). It is 

unclear why PZT grains peeling was observed in t-PZTs only and not in T-PZTs, but it is 

suspected to be associated with the chemical treatment performed on t-PZTs72. 

When CNTs are much longer than the bond (ZONE IV) excessive folding of CNTs may 

weaken the interface in contact with the metal due to a much higher CNTs density in that 

interface. The density effect can be seen in Figure 58c where the contact interface with the metal 

is shown. The shear strength is very low for all the analyzed substrates of this type. 

The normalized shear strength (S/So) was plotted vs. Lc/H ratio by fitting the experimental 

data that showed an actual bond failure (zone I, II and IV). The resulting Gaussian fitting curve 

is representative of the mechanical response of the C-PZT-metal bond as a function of the bond 

nano/microstructure (Lc/H). These preliminary results show that the Lc/H ratio is a key factor 

for truly reinforcing the bond shear strength with a high density array of oriented CNTs and 

could potentially be used to predict and design structural bonds with enhanced interfacial 

strength. A complete understanding of the observed phenomena is under investigation and more 

studies are being performed to control the bond thickness in relation to the CNTs length during 

manufacturing. The study of the long term durability and signal analysis of the designed C-PZT 

sensor/actuator is in progress. 

III. CONCLUSIONS 

The SEM-based code has been developed. The code is able to solve a coupled electro- 

mechanical field for piezoelectric materials. Furthermore, as a solution strategy, the code 

employs explicit time integration scheme for elasto-dynamic solver and Gauss elimination for 

static electric fields. This study allows us to make the following conclusions: 



1) The SEM has excellent advantages over the FEM in numerical analysis of the ultrasonic 

Lamh wave propagation. 

2) The numerical simulation of the wave propagation by the SEM-based code on the aluminum 

plate is verified by the experimental results. 

3) The SEM-based code can simulate the scatter waves induced by a crack. 

4) The SEM-based code has shown its feasibility to SHM applications as a simulation tool to 

optimize the key parameters of damage detection such as sensor shape, size, locations, 

diagnostic waveform, etc. 

The results of an experimental and numerical study of the effects of interface debonding on the 

performance of PZT actuators were presented. The bonding conditions were found to be a key 

parameter in the reliability of PZT actuators. A bond degradation can lead to energy losses which 

could compromise the response of the structural health monitoring (SHM) systems if not taken 

into account properly. In this study local asymmetric and symmetric interface debonding were 

considered and compared with the case PZT actuators fully bonded to an aluminium plate. Tests 

were performed over a wide frequency range (lOOKHz and 500KHz) and a simplified two- 

dimensional Spectral Element Method-based code was used to validate the study. Major findings 

of the experimental and numerical results were: 

• Partially debonded interfaces are subjected to an overall decrease in the signal amplitude 

and a signal phase delay for increasing debonding areas. 

• A 30% asymmetric debonding suffered most significant energy loss around the natural 

resonance frequencies of the PZT actuators. 

• Variations in debonding shape and location underneath the PZT actuators lead to signal 

strength variations (the most significant signal amplitude drop was found for a peripheral 

interface debonding). 

• A partial asymmetric interface debonding lead to stress concentration between the PZT 

layer and the metal structure. 

These findings give a systematic template that can be used in the SHM algorithms to compensate 

for and address energy losses due to the PZT interface degradation during the in-service life of a 

structure. 



A new design to reinforce the bondline of PZT actuators to a metal substrate was also presented. 

The key of this design is to replace the silver paste electrode of a standard PZT disc with a high- 

density array of oriented carbon nanotubes (CNTs carpet) that acts as electrodes as well as 

reinforcing elements at the interface. The report focuses on the method used to insert the CNTs 

carpet into the bondline. The approach consists of inserting a carpet of Pre-aligned CNTs 

(PACNTs) into the adhesive and making use of the capillarity properties of the CNTs carpet to 

fully absorb the adhesive polymer. This is done by coating one of the two bonding surfaces (PZT 

for this specific application) with the PACNTs carpet and constraining the carpet to the surface. 

A low- and a high-temperature process was investigated in order to coat the PZT surface with the 

PACNTs carpet (C-PZT). The microscopic analysis of the as-produced samples shows that with 

this approach CNTs can be fully dispersed and oriented into the adhesive polymer. The low- 

temperature method has the advantage that it can be used for materials with low-temperature 

capabilities, and can be generalized and scaled-up to larger areas for structural as well as 

electronic applications. 

It was also shown that the bondline strength of a C-PZT surface mounted on a substrate is 

significantly improved. The experimental study shows that the interfacial shear strength can be 

significantly improved with the proposed bondline design and that failure did not occur between 

the PACNTs coating and the surface of the PZT ceramic. It is also shown that the shear strength 

and failure modes are very sensitive to the nature of the bonded surfaces, to the interface 

microstructure and to the ratio of CNTs length (Lc) to the bond thickness (H). Variations in the 

Lc/H ratio causes a variation to the interface microstructure which influences the shear strength 

and failure modes. 

V.   LIST OF FIGURES 

Table 1 Sensor locations 

Coordinate (mm) 

X, X2 

PZT 1 177.8 330.2 
PZT 2 177.8 177.8 



PZT3 
PZT4 

304.8 
355.6 

355.6 
177.8 

Table 2 Comparison of solution accuracy 

SEM FEM 

resolution resolution full integration reduced integration 

19 

15 

II 

116.44(0.00%) 

116.45(0.01%) 

116.46(0.03%) 

116.40(0.04%) 

95 

76 

48 

38 

116.30(0.12%) 

116.22(0.19%) 

115.88(0.48%) 

115.55(0.76%) 

116.65(0.18%) 

116.76(0.27%) 

117.28(0.72%) 

117.78(1.15%) 

Table 3 Comparison of computational resources 

Total Numbers of 
active D.O.F. 

Computational Time 

SEM FEM 

6768 

250 sec 

reduced integration 

224648 

4280 sec 
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Figure 1. Comparison between finite element and spectral element (a) linear finite element (b) 6-th order spectral 
element 
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Figure 2. Square aluminum plate with 4 piezoelectric transducers on one side (a) geometric configuration, 

(b) excitation signal (100kHz) at PZT 2 , (c) mesh configuration-elements & nodes 
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Figure 3. Sensor signals at (a) PZT I, (b) PZT 4 
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Figure 4. Configuration of geometry and mesh to study the code performance: (a) geometric configuration, 

(b) mesh configuration for finite element analysis, (c) mesh configuration for spectral element analysis 
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Figure 5. Sensor signals (a) comparison between FEM and SEM, (b) error of wave velocity in FEM 
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Figure 8. Sensor signals obtained from (a) pitch-catch method (b) pulse-echo method 
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Figure 9. Scatter signals of (a) pitch-catch from PZT4 to PZT1 (b) pulse-echo at PZT4 
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Figure 10. Wave developments at (a) 40)Jsec, (b) 50 jj.sec, (c) 60//sec, (d) 80//sec 
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Figure 12. Sensor signals at PZT 1 (refer to Fig. 2) with 400 kHz excitation 
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Figure 13. (a) 2D plain strain model configuration, 

(b) sensor signal at 400 kHz excitation for 0u.m, 50(im. adhesive layer thickness models (left), A0 mode (right) 
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Figure 16. Set 1 of samples representative of an increasing debond area. 
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Figure 17. Set II of samples representative of different debond shapes and location. 
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Figure 18. (a) Model to study the effect of interface debond; (b) asymmetric debond at actuator's interface. 



Figure 19. (a) SEM image of a PZT bonded to the Al substrate; (b) Picture of a PZT actuator; (c) 
SEM image of a conductive adhesive interface. 
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Figure 20. Sensor signal amplitude variation vs. Time. 
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Figure 21. Amplitude variation for different debond sizes. 
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Figure 22. Sensor signal due to different debond shapes at 250KHz actuation frequency. 
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Figure 24. Sensor signal change in terms of debond size, (a) lOOKHz actuation 
frequency, (b) 500K.Hz actuation frequency. 
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Figure 25. Maximum amplitude of sensor signal vs. debond size at different actuation frequencies. 
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stress distribution at I2usec, (c) normal stress distribution at I2usec. 
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Figure 27. Standard interface: (a) PZTsurface bonded to a structure with a polymer adhesive layer, (b) 
details of the interface. 



Reinforced Interface 

Figure 28. Interface reinforced with oriented CNTs. 
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Figure 29. Scheme of the C-PZT design and fabrication approach. 
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Figure 30. Schematic of the low and high temperature process for PZT coating with a PACNTs carpet: 
(a) high-temperature process, (b) room temperature process. 
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Figure 31. Scheme of the high and low temperature process for the realization of an MPZT. High temperature: 
(a) PZT peeling, (b) AmSi layer coating (c) Fe nanoparticles deposition, (d) CNTs growth. Low-temperature 
process: (0 PZT peeling, (g) AmSi deposition, (h) CG coating, (i) CNTs transfer. 
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Figure 32. Transfer method. 
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Figure 33. Scheme of the patterning process. 



Figure 36. C-PZT: results from the high-temperature approach: (a) picture of a PZT before and 
after CNTs growth, (b) SRM image of the PZT after CNTs growth. 

Figure 37. SEM images of CNTs growth results vs. increasing temperature. The substrates are PZT 
(diameter of IOmm and thickness of 1 mm) coated with a Si02 layer. 
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Figure 38. (a) Experimental results for CNTs growth on PZT with increasing temperature and increasing 
thickness. (b).(c),(d),(e) SEM images of PZT samples grown at 760°C and with increasing Si03 layer thickness. 
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Figure 39. C-PZT: results of the low temperature approach: (a) carpet of oriented CNTs grown on 
a Silicon chip, (b) CNTs carpet transferred onto a bare PZT surface, (c) higher magnification of the 
transferred CNTs, (d) top view of the edge of the CNTs carpet. The image shows: the PZT grains, 
the CG layer and the CNTs carpet. 
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Figure 40. Key elements for the printing process: (a) plastic deformation due to excessive 
pressure (p). (b) CG absorption. 
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Figure 41. (a) Wavelike configuration of a PACNTs carpet transferred onto a PZT surface, (b) carpet embedded 
into the adhesive polymer, (c) scheme of the embedding result, (d) top view of the embedded CNTs carpet. 
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Figure 42. (a) Interface integrated with a PACNTs carpet, (b) PZT coated with a PACNTs carpet, (c) SEM image 
of a PACNTs carpet 



Brass cube 

•       F« cube 

fPZT 

Side view 

Figure 43. Samples design. 

Standard Adhesive + Adhesive + 
adhesive        random CNTs     oriented CNTB 

Substrate types 

PZT 
Silver paste 
electrode 

AinSi 

Figure 44. Substrate types and adhesive compositions. 



Figure 45. Samples preparation: (a) pre-patterned oriented CNTs transferred onto the PZT surface, (b) 
Teflon mask to confine the area of post-patterned CNTs, (c) iron cube bonded to the PZT, (d) PZT bonded 
to the Brass cube, (e) example of the as fabricated samples. 
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Figure 46. MHT set-up: (a) scheme of the test, (b) picture of a sample during testing. 
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Figure 47. Delaminator set-up: (a) scheme of the features design and test set-up, (b) picture of 
the Delaminator components during testing, (c) higher magnification of the sample and test 
set-up during testing. 
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Figure 48. (a) Shear strength vs. adhesive composition, (b), (c) and (d) adhesive compositions. 
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Figure 49. SEM images of samples with different adhesive compositions: (a) adhesive mixed with 
random CNTs (Type II), (b) adhesive mixed with random CNTs (Type III), (c) side view of adhesive 
integrated with a high density array of oriented CNTs (Type IV). 
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Figure 50. Different bondline microstructures for increasing Lc/H ratio. 
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Figure 51. Bonding effect. SEM pictures: (a) PACNTs prior embedding, (b) side view of a bond, (c) 
folding effect. The sample in analysis has a ratio 1.1. 



Figure 52. SEM images of the folding effect increase for higher Lc/H ratios. 
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Figure 53. a) Normalized Shear strength vs. Lc/H. (b) Sample types, (c) failure modes corresponding to 
each sample type. 



COHESIVE FAILURE "A" INTERFACE 

Figure 54. Cohesive failure for samples with Lc/H<l: (a) SEM image of the 
PZT surface, (b) fracture of the A interface, (c) iron cube, (d) higher 
magnification of the adhesive inside the fractured area. 



COHESIVE FAILURE "H" INTERFACE 

Figure 55. SEM images of a sample characterized by cohesive failure of the "H" interface: a) PZT surface, (b) 
metal surface, (c) CNTs tips sticking out of a fractured surface, (d) multidirectional fractured surfaces, (e) 
fractured surface. 

Figure 56. Displacement vs. time curve for a baseline adhesive polymer and for a nanocomposite polymer 
integrated with oriented CNTs. (a) SEM image of a fracture propagating in a baseline adhesive, (b) SEM 
image of a fracture propagating in an adhesive polymer integrated with CNTs. 
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Figure 57. Support failure mechanism: (a) SEM image of the PZT surface, (b) SEM image of 
the metal surface, (c) top view of the interface in contact with the PZT, (d) 45° view of the 
nanocomposite bond left on the metal surface, (e) higher magnification of the PZT crystals 
peeled from the PZT substrate and scheme of the peeling mechanism. 



ADHESIVE FAILURE 

Figure 58. SEM images of the adhesive failure: (a) PZT surface, (b) metal surface, 
(c) contact interface metal-bond. 
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